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ABSTRACT
Teleost immunoglobulin M (IgM), an 800 kDa tetramer, possesses considerable
structural diversity due to the non-uniform disulfide polymerization of its halfmeric or
monomeric subunits. However, to date, no plausible functional role for this diversity has
been demonstrated or proposed. This research was, therefore, designed to investigate the
possible functional role(s) for this diversity using the trout model. The possible
relationship between this structural diversity and affinity was specifically addressed. The
relationship between high levels of disulfide polymerization and high affinity was
demonstrated by selective immunoadsorption and analysis of antibodies isolated during
the process of affinity maturation. A pivotal determinative role of antigen I BCR affinity
in conferring graded levels of disulfide bonding was demonstrated by the induction of
high and mixed affinity antibodies from a single lymphocyte source in vitro. Additionally,
transfer of immunopurified antibodies and labeled non-immune immunoglobulins
revealed a direct effect of polymerization on antibody half-life, with selective removal of
less polymerized Igs and I or retention of more fully polymerized Igs. Thus, this
differential effect on half-life also results in an increase of average affinity, accentuating
the process of affinity maturation. The converse, modulation of affinity by disulfide
variation; however, could not be demonstrated.
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The Relationship between Antibody Redox Structure
and Affinity in Rainbow Trout
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INTRODUCTION

Antibody Structure and Function
Prior to a discussion of teleost antibody structure and functionality, a brief overview
of mammalian antibody structure and function is provided. With this initial background,
the relatively limited studies completed for fish antibodies may be more clearly
understood and the logic of this study can be brought into focus.

General Structure of an Ig Monomer (IgG)
Antibodies, collectively termed 'immunoglobulins' (Igs), are inducible
glycoproteins that bind foreign molecules (antigens) with high specificity and affinity
(Litman et. al., 1999). The structure of the IgG molecule is that of a basic monomeric unit
composed of four polypeptides chains: identical pairs of light (L, 25kDa) and heavy (H,
50kDa) chains (Fig. 1). Each chain is composed oftwo principal regions: theN-terminal
variable region, and the C-terminal constant region. Each light chain is composed of a
variable light (V L) domain (an independently folded part of polypeptide chain that forms
a structural unit of~ 12.5 kDa) and a constant light (CL) domain, while each heavy chain
possesses four approximately equal sized domains one variable (VH) and three sequential
constant domains (Ct11 , CH2 and CHJ). In every variable or constant domain, there is a
covalent intrachain disulfide bond which contributes to the stability of the antibody
structure (Porter, 1973). Additionally, due to a covalent, interchain disulfide linkage
between the CL and the CHI, the light and heavy chains are covalently bonded (Porter,
1973). The close juxtaposition ofthe variable regions ofthe heavy (VH) and light (VL)

2

Figure 1. Schematic of the classical monomeric IgG molecule. The mammalian
monomeric IgG molecule is composed of two identical H and L chains which are linked
by disulfide bridges (inter CL -CH 1), and each chain is comprised of a variable and a
constant domain(s). JgG can be proteolytically cleaved (purple arrows) to yield two Fab
fragments (antigen binding) and one Fe fragment (crystallizable), the latter which confers
uniform effector functions. Hand L chain complementarity determining regions (CDRs)
interact to form the antigen (Ag) binding site. The positions of the heavy and light chain
domains are depicted, and each domain contains approximately 110 amino acid residues
and an intrachain disulfide bond that forms a loop of 60 amino acids. There are two interH chain disulfide bonds in hinge region which links Fabs and Fe region together.
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chains results in each of the two antigen binding sites of the IgG antibody. Further
resolution of the fine structure of the antigen binding sites was originally accomplished
by the comparative amino acid sequence analyses of a large number of myeloma (Ig)
proteins (Wu and Kabat, 1970). Each of the VH and VL domains contains three regularly
spaced segments, which are highly variable between different antibodies. These regions
have been termed complementarity-determining regions (CDRs). In the heavy chain,
CDR1 is typically situated at amino acid 30-35 (aa30-35), CDR2 at aa50-65, CDR3 at aa
95-105; and the CDR1 ofthe light chain is typically situated at aa25-35, CDR2 at aa5060, and CDR3 at aa89-97. The CDRs are held in close spatial proximity to one another by
intervening 'framework regions' (FRs), forming the binding site, which is a unique threedimensional structure that is complementary to the antigen (Wu and Kabat, 1970).
Tremendous binding site diversity (estimated to be 109 in toto) is contributed by the large
number of variable region genes as well as through genetic processes such as somatic
recombination and mutation (Jung et. al., 2006; Peled et al., 2008).
Early proteolytic analyses were used to dissect basic structure/function relationships
within the antibody molecule. The IgG monomer was cleaved by papain to yield two
antigen-binding fragments (Fabs) and one crystalizable fragment (Fe) (2 Fabs: 1 Fe)
(Porter, 1959) (Fig 1). The Fabs were found to be composed ofN-terminallight chain and
heavy chain variable domains, together with the adjacent CL and CH 1 domains, while the
Fe was composed of the remaining CH domains of the two heavy chains (Edelman et al.,
1969). A hinge region between the CHI and CH2, which is rich in proline residues, results
in flexibility between these antibody Fab 'arms' (Arata et al., 1980). Located at the N297
on CH2 domain in IgG, is a glycosylation site that can accomodate N-linked glycans
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(carbohydrate moieties) which helps to maintain the quaternary structure and the stability
of the Fe (Arnold et al., 2007).

Basic Teleost Antibody Structure
In contrast to the mammalian pentameric IgM, the teleost IgM is a tetrameric
molecule (Acton et al., 1971; Lobb and Clem, 1983; 79-104) (Fig. 2). This tetrameric
molecule has a heavy chain sequence homology most similar to the mammalian 1.1 chain
(Fig. 3), so it is termed an IgM-like immunoglobulin. Generally, the monomeric subunit
of teleost tetrameric IgM is also an Hand L chain heterodimer, comparable to the general
form of the IgG molecule, but with an additional heavy chain constant domain (CH4 ). The
molecular weight ranges ofthe H chain and the L chain ofteleost IgM are 60-75 kDa and
22-27 kDa, respectively. Thus, the combined molecular weight of the typical teleost IgM
is about 800 kDa. Either size-exclusion chromatography or denaturing, non-reducing
acrylamide gel electrophoresis yield an apparent molecular weight of teleost serum IgM
between 610 kDa and 850 kDa, depending on the teleost species. The above range
represents the results of structural studies on serum immunoglobulins of diverse teleosts,
including the Atlantic salmon (Salmo salar) (Havarstein et al., 1988), the coho salmon

(Oncorhynchus kisutch) (Cisar and Fryer, 1974), the chum salmon (Oncorhynchus keta)
(Kobayashi et al., 1982, Fuda et al., 1992), the rainbow trout (Oncorhynchus mykiss)
(Bromage et al., 2004), the channel catfish (Ictalurus punctatus) (Lobb and Clem, 1983),
the gar (Lepisosteus osseus) (Acton et al., 1971 ), the Florida gar (Lepisosteus

platyrhincus) (Bradshaw et al., 1971), the paddlefish (Polyodon spathula) (Acton et al.,
1971), the sheepshead (Archosargus probatocephalus) (Lobb and Clem, 1981a; Lobb and

6

Figure 2. Schematic of teleost IgM. The teleost IgM molecule is a tetramer composed of
eight identical heavy (H) and eight light (L) chains which are linked by disulfide bridges,
producing eight antigen binding sites. Each H and L chain is composed of a V Hand V L
(variable regions), respectively, as well as a Cm-4 and CL. H and L chain
complementarity determining regions, CDRs (squares) which are separated by framework
regions (FRs), which interact with antigens (Ag) in the antigen binding site. Certain
interchain disulfide bonds are uniformly present (blue solid lines), while other
intersubunit disulfides are not (red dashed lines).
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Figure 3. Comparison of the V and C region domains of the teleost heavy chains
with similar domains from other vertebrate H chains (Permitted by JI to use part of
figure 9 in Ghaffari and Lobb, 1989a, JI, Vol.l43:2730-2739). The positions ofthe
cysteines (S) are shown. The comparative sequences are taken from the following
references: mouse (Kawakami, et. al, 1980; Auffray and Rougeon, 1980); shark (Kokubu,
et.al, 1988); catfish (Ghaffari and Lobb, 1989); trout (Kaattari, et. a1, 1998); brown trout
and Atlantic salmon (Hordvik, et. al, 2002). (Reprinted by permission).
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Clem, 1981 b), the blue fin tuna ( Thunnus maccoyii) (Watts et al., 2001 ), the common carp

( Cyprinus carpio) (Rom bout et al., 1993), the tench (Tinea tinea) (Vilain et al., 1984), the
goldfish ( Carassius auratus) (Vi lain et al., 1984 ), the giant grouper (Epinephelus ita ira)
(Clem, 1971 ), the winter flounder (Pseudopleuronectes american us) (Laudan et al., 1986),
the Atlantic cod (Gadus morhua) (Pilstrom and Petersson, 1991), the haddock

(Melanogrammus aeglefinus) (Dacanay et al., 2006), the pollock (Pollachius pollachius)
(Dacanay et al., 2006), the cusk (Brosme brosme) (Dacanay et al., 2006), the turbot

(Scophthalmus maximus L.) (Kofod et al., 1994), the sea bass (Dicentrarchus labrax I
Marone labrax) (Pa1enzuela et al., 1996), the striped bass (Marone saxatilis) (Shelby et
al., 2003), the sea bream (Sparus auratus) (Palenzuela et al., 1996), the toadfish

(Spheroides glaber) (Warr, 1983), the snapper (Pagrus auratus) (Morrison and Nowak,
2001), the Atlantic halibut (Hippoglossus hippoglossue) (Grove et al., 2006), the Atlantic
menhaden (Brevoortia tyrannus) (Shelby et al., 2002), the barramundi (Lates calcarifer)
(Bryant et al., 1999), the Mosambique tilapia (Orechronis mossambicus) (Bromage et al.,
2004), the Nile tilapia (Oreochromis niloticus) (Bromage et al., 2004), the pacific herring

( Clupea pallasi) (Davis et al., 1999), the pike (Esox lucius L.) (Clerx et al., 1980), and an
antarctic teleost (Trematomus bernacchii) (Pucci et al., 2003).

Structural Classes of Antibodies (Isotypes)
In humans there are nine biochemically and physically distinct classes or isotypes of
antibodies (IgM, lgD, IgG 1_4, IgE and lgA 1_2), which are encoded by nine different Hchain genes (referred to as 11, 8, YI-4, c and a 1-2, respectively). There are also two L-chain
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isotypes termed kappa (K) and lambda (A.). Each Ig possesses a single heavy and light
chain isotype.
Similar to IgG, each IgA and IgD heavy chain possesses three constant domains;
however, those oflgM and IgE possess four constant domains (i.e. an additional, CH4
domain). Further, there is a hinge region between the CH 1 and CH2 of the & and a heavy
chains which is similar to that of they heavy chain; however, there is no hinge region in
the J.l and E, which contains, instead, a more rigid span of amino acids. There is
considerable diversity in the location and number ofN-linked glycosylation sites on the
Fe and Fab regions of all these Igs which contribute to their unique structures and
functions (Arnold et al., 2007). Although IgG, IgD, and IgE are all monomers (Fig. 4),
the number and location of their inter-heavy chain disulfide linkages are different. There
is only one inter-H chain bond in IgD in the hinge region, but two between IgE's CH2/CH2
and CH3/CH3 domains. IgG has four subclasses which all share two inter-H chain disulfide
bonds in the hinge region. Additionally, IgG2 and IgG 4 have two additional covalent
linkages in the hinge region, and IgG3 has a total of 11 disulfide bonds in the hinge region.
These differences between lgG subclasses affect their biologicall functions.
Although the membrane receptor of the J.l-producing B cell is, in essence, a
monomeric form (Fig. 4) and similar in this respect to IgG, the secreted serum IgM is
either polymerized as a pentamer in which five monomer subunits are disulfide bonded
together with a J chain, or as a hexameric structure without the J chain (Randall et al.,
1990; Wiersma et al., 1998). Besides the phylogenetically conserved inter-chain disulfide

bonds between CL -CH 1 domains, the heavy chains of murine pentameric IgM are
covalently linked by inter-H chain disulfide bonds between CJ.12-CJ.12, CJ.13-CJ.13, and CJ.14/tail-
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Figure 4. Schematic of the mammalian, elasmobranch and teleost Ig classes
(secretory and transmembrane forms) (Honjo et al., 2004). The little ellipses in the Ig
schema represent domains (light blue, variable region; white, constant region). IgM is a
pentamer or hexamer in all mammals, but is a tetramer in teleosts and either a pentamer
or monomer in the elasmobranchs. IgD varies in the number of eonstant domains
depending on the species examined, both in mammals and teleosts.
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C 114/tail domains at C337, C414, and C575, respectively (Wiersma and Shulman, 1995),
resulting in the assembly of a polymeric lgM, based on electron microscopy and
mutagenesis studies (Davis and Shulman, 1989; Perkins et al., 1991 ). The inter-halfmeric
C 112-C 112 domain linkage, is phylogenetically conserved and observed in other teleosts,
birds, reptiles, and Xenopus (Ghaffari and Lobb, 1989), and is thought to mediate the
formation oflgM monomers, as evidenced by a loss ofthis stmcture in domain-deleted
IgM mutants (Davis and Shulman, 1989). Thus, it is plausible to suggest that covalent
interactions involving the alternation between C 113 -C 113 , and C 11itail-C 114/tail domains
complete pentamerization (Davis and Shulman, 1989; Perkins et al., 1991; Wiersma and
Shulman, 1995). Thus, alteration of disulfide crosslinking between these two sets of
cysteines (i.e. inter-halfmer vs. inter-monomer) would yield a complete polymerization of
the pentameric molecule. IgA is a unique molecule which exists primarily as a monomer,
although polymeric forms such as dimers, trimers, and even tetramers are seen (Russell et
al., 1992). The lgA of external secretions, termed secretory IgA, consists of a dimer, a Jchain polypeptide, and another polypeptide chain called the secretory component. In lgA,
there are two inter-H chain disulfide bonds which are responsible for the formation of
monomer (C241 and C301) (Fallgreen-Gebauer et al., 1993). Further, the covalent
linkage between Ca31tail domain and the J chain contributes the formation of dimeric lgA
(C471), as well as another disulfide bond between the secretory component and dimeric
lgA ( C311) (F allgreen-Gebauer et al., 1993) . This linkage results in the masking of sites
by the secretory component, which are susceptible to protease cleavage in the hinge
region of secretory lgA, allowing extended existence in the protease-rich mucosal
environment (Salvi and Holgate, 1999).
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The Fe region of each isotype is responsible for unique effector functions, such as
opsonization to facilitate macrophage phagocytosis, antibody-dependent cellular
cytotoxicity (ADCC) by natural killer cells, activation of the classical complement
pathway, enhancement of the acute inflammatory reactions, or determination of serum
half-life removal from circulation (Low et al., 1976; Kolsh et all., 1980; Harlow and Lane,
1988a; see also Fig. 5). This isotypic variation, thus, confers distinct effector functions to
these isotypes. For example, mammalian IgM is much more effective in complement
activation than IgG, primarily due to its multivalent nature. Modulation of the Fe
structure by adding an additional monomer and losing the J chain results in over a 100fold increase in complement fixation efficiency than is observed with the pentamer
(Wiersma et al., 1998). This is primarily due to the initiation of the complement cascade
being more effective in the binding with C1q, the first component of the complement
cascade, which possesses a hexameric array of Fe binding sites. Thus, enhanced
effectiveness of complement activation by hexameric vs. pentameric forms demonstrates
important potential regulatory features conferred by the Fe struc:ture (Wiersma et al.,
1998). lgE is specifically required to activate basophils and mast cells though PeeR
binding to release inflammatory mediators. Further, in mammals, these different isotypes
are responsible for the differential transport of isotypes to specific tissues or bodily fluids.
For example, only IgG is transported from the mother to the fetus by FeRn receptor,
dimeric IgA is transported to the secretions by FeaR receptor, while IgM is strictly
limited to the blood (Kindt et al., 2007).
The Fe region of the antibody molecule also determines its serum half-life.
Differential, isotype-associated, half-lives were demonstrated between different isotypes
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Figure 5. Regions of mammalian Fcs (red) that are associated with specific effector
functions. The hinge region (HR) depicts a sequence of amino acids that can lend more
flexibility to the movement of the Fab 'arms' of the antibody molecule. Bip represents
heavy chain binding protein. Fab, Fe domains, VH and CH domains are depicted. VHs are
in light blue and CHs in black. Dark blue lines detected disulfide bonds, boxes are CDRs,
and red lines indicate regions encoding respective functions.
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using murine monoclonal antibodies that shared the same variable regions, but varied in
their constant regions; thus, IgM = 2 days; IgG 1_3 = 4-8 days; Ig;E = 12 hours; and
polymeric IgA

= 17-22 hours (Vieira and Rajewsky, 1988). Implicit in much of this, is

the Fe receptors (FcRs) recognition and binding of the specific isotypes. For example,
neonatal FeR (FeRn), binds to the CH2-CH3 domain interface in the Fe region, and is
believed to be involved in the regulation of serum IgG levels (Ghetie and Ward, 1997).
An increase in affinity for the FeRn was affected by in situ mutagenesis of the IgG Fe
domain resulting in a significantly increased IgG serum half-life; however, comparable
mutations did not affect IgG half-life in C57BL/6 mice due to the lack of a functional
FeRn in that strain (Ghetie et al., 1997). The affinity ofFeRs for IgA can be modulated
by addition of specific glycans to the IgA Fe region, thus altering their serum half-life.
For example, FeaR! endocytoses IgAs that contain sialylated glycans more efficiently
than IgAs with neutral glycans (Basset et al., 1999); for example, IgA 1 with neutral
glycans is selectively bound by the transferrin receptor over IgA2 (Moura et al., 2001;
2004). Similarly, IgE glycosylation can hinder Fc£RII (low-affinity receptor) binding
(Richards and Katz, 1990), but not Fc£RI (high-affinity receptor) binding, which binds
different sugars (Bjorklund et al., 1999). Thus, glycosylation adds a unique form of
structural diversity to the antibody, creating subpopulations, which, through differential
recognition by the FcRs have their half-life regulated (Varki, 1993).

Evidence for Teleost Isotypes

Generally the most convincing evidence for teleost isotypes has been through
molecular studies (Hordvik et al., 1992; Wilson et al., 1997; Danilova et al., 2005;
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Hansen et al., 2005; and as partially depicted in Fig. 6). It appears that there are two CH
genes for IgM in Atlantic salmon, termed IgMl and IgM2 (Hordvik et al., 1992; 2002).
A second isotype, termed IgD, is encoded by a Co gene, which appears to be analogous to
mammalian IgD, and has been described in Atlantic salmon (Hordvik et al., 1999),
Atlantic cod (Stenvik and Jorgensen, 2000), and the channel catfish (Wilson et al., 1997).
Recently, there is a report of a third, unique, teleost isotype gene, Ct, in the rainbow trout,
with the immunoglobulin being termed IgT (Hansen et al., 2005). Surprisingly, this
isotype possesses its own exclusive set of D and J elements for the generation of diversity.
The IgT D and J segments and constant (C) region genes are located upstream of the D
and J elements for IgM. Another new teleost isotype, termed IgZ and encoded by
0~

genes, was found in the zebrafish (Danilova et al, 2005; Fig . 6). In zebrafish, the

domains of this new isotype gene are also present upstream of the D and J elements for
IgM. Additionally, a novel IgH chimera (IgM-IgZ) was discovered in common carp with
a variable domain, two constant domains, and a secretory tail (Savan et al., 2005). The
first constant domain of this novel chimera is made up of the CHI 1 domain of carp IgM,
while the second constant domain shares a high similarity to the CH4 domain of the IgZ
from zebrafish.
These previously unknown teleost IgH isotypes provide an impe:tus for the further
exploration into isotype expression and regulation and the relationship of their function to

s

structure. For example, Danilova et al. (2005) proposed that J..l and chains are likely
expressed in two different B cell populations due to their different time- and organspecific expression patterns. Hansen et al. (2005) demonstrated that IgT displays a more
extended CDR3 of 5-l Oaa compared to that of the 4-5 aa found in trout IgM CDR3s.
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Figure 6. IgH loci of zebrafish and rainbow trout. Different H chain loci to be found in
zebrafish and rainbow trout are depicted. 0. mykiss- (Hansen e:t al. 2005). D. rerio(Danilova et al. 2005). Single V His depicted as green/red boxes, DH as dark blue boxes,
JH asyellow boxes, brown boxes for

c~

and 0;, dark green boxs for CJ!, and pink boxes

for C8.
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They suggested that IgT, with a broad size of CDR3 range, is likely beneficial for the
immune response because a diverse range of epitopes could be recognized.

Redox Structure of Teleost and Mammalian Antibodies

A unique and intriguing difference between teleost and mammalian IgM is the
structural heterogeneity ofthe former. This structural diversity is generated by the nonuniform disulfide cross-linking of the halfmeric and I or monomeric subunits in the
mature serum Ig molecules (Lobb and Clem, 1981 a; Kobayashi et al., 1982; Lobb and
Clem, 1983; Warr, 1983; Sanchez and Dominguez, 1991; Ledford et al., 1993; Rombout
et al., 1993; Kofod et al., 1994; Kaattari et al., 1998; Evans et al., 1998; Kaattari et al.,
1999; Bromage et al., 2004; Fig. 7). These isomeric forms of the tetramer were termed
redox forms (Evans et al., 1998; Kaattari et al., 1998) referring to the reduced I oxidized
state of the inter-halfmeric or monomeric disulfides and can arise from a single CJ.1 gene
sequence (Kaattari et al., 1998). As the differences between these redox structures are
solely dependent upon the degree of disulfide polymerization, they cannot be physically
isolated from one another. Therefore, analysis ofthis structural diversity is limited to
denaturing, non-reducing electrophoresis or gel filtration. To date, this analysis has
revealed this unique structural diversity within a wide variety of teleost species including
channel catfish (Lobb and Clem, 1983), rainbow trout (Kaattari et al., 1998; 1999; Evans
et al., 1998; Sanchez and Dominguez, 1991 ), chum salmon (Kobayashi et al., 1982),
sheepshead (Lobb and Clem, 1981 b), toadfish (Warr, 1983), common carp (Rombout et
al., 1993), Atlantic salmon, striped bass, barramundi, Mosambique tilapia and Nile tilapia
(Bromage et al., 2004), Atlantic cod, haddock, pollock, and cusk (Dacanay et al., 2006),
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Figure 7. Schematic of rainbow trout lgM redox structure. Each tetrameric antibody
is composed of four individual monomeric subunits of approximately 200 kDa. These
tetrameric antibodies can be of one of six different redox forms, depending upon the
number of intermonomeric disulfide bonds. Unlinked monomers within the tetramers are
associated with the tetramers supply via non-covalent bonds. Pink boxes are variable
regions, and constant regions are described as green. The disulfide cross-linking bonds
are represented as red lines.
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and in specific mammalian cases such as rat IgA and human IgG4 (Chintalacharuvu, et
al., 1993; Schuurman et al., 1999; 200 I) (Fig. 8). Although all these teleost species
exhibit redox structural diversity, the variety of redox forms varies considerably between
species. For example, denaturing,
non-reducing electrophoresis analysis of purified catfish IgM reveals that the native
tetramer produces eight distinct covalent subunits, the smallest one being a halfmer (H-L),
and the largest, a fully cross-linked (H2-L2)4 tetramer (Lobb and Clem, 1983). Thus, the
serum IgM of this fish possesses some of the greatest degree of structural heterogeneity,
with some Igs potentially being composed of non-covalent associations of three or more
covalent subunits (i.e.I/2 + 1 + 2112, etc.; Fig. 9). The redox hete:rogeneity of salmonid
serum IgM differs from the catfish with the smallest being monomeric subunits
(Kobayashi et al., 1982; Sanchez and Dominguez, 1991; Evans et al., 1998; Kaattari et al.,
1998; 1999) and halfmer subunits ofwithin the mucosal IgM (Bromage et al., 2006).
Similarly, toadfish and common carp serum Jg contains monom<~ric subunits, but no
trimeric subunits (4, 21) (Fig. 8). In Gadidae fish (four species), monomeric, dimeric and
trimeric subunits can be resolved, without the completely cross-llinked tetramers
(Dacanay et al., 2006). The unique covalent forms of sheepshead Ig are dimers and
tetramers (Lobb and Clem, 1981 b). This diverse array of intramolecularly polymerized
tetramers is not due to H chain isotypic differences, since a single H gene product can
give rise to all ofthese forms (Ledford et al., 1993) and each antibody clonotype can
manifest this same diversity (Kaattari et al., 1998). Thus, it is likely that variation in the
degree of disulfide polymerization within a pool of antibodies is due to post-translational
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Figure 8. Electrophoretic behavior of human, rat and teleos1t Igs. Depicted are the

relative positions of the components of denatured Ig molecules on non-reducing gels:
human hexmeric and pentameric IgM, human dimeric IgA, human monomeric IgG,
human IgA with structural diversity, human IgG4, cafish IgM, salmonid I strip bass I
barramundi I tilapia IgM, toadfish I carp IgM, sheepshead IgM <md gadidae fish lgM.
Molecular weights are depicted as kDa (kilodaltons).
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Figure 9. Disulfide linkages in the CH4 and C-terminal region of catfish J..l chain
(Permitted by JI to use figure 7 in Ghaffari and Lobb, 1989b, JI Vol. 142: 1356-1365). A.
The solid, black lines represent H chains which contain three cysteines (C211, C239 and
C241 ( Ghaffari and Lobb, 1989b)) likely involved in intra-H chain, inter-H chain, and
inter-subunit disulfide bonds. B. Hypothetical disulfide linkages found in the eight
dissociative subpopulations when catfish IgM is analyzed in non-reducing, denaturing
conditions. C. The photograph inset shows catfish IgM on non-reducing, denaturing SDSPAGE gel. (Reprinted by permission).
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processes (Kaattari et al., 1998), although it is possible that each species CH sequence
may skew these processes in a species-specific manner.
As mentioned above, although denaturing, non-reducing analysis demonstrates the
existence of redox forms and their general composition, one can only deduce the
proportions of the native redox forms via the determination of relative molar
concentrations of the monomeric, dimeric, and trimeric subunits and fully polymerized
tetramers (Evans et al., 1998). Data from Bromage et al. (2006) demonstrated that
differences in the relative ratios of these forms; however, can vary, between the mucus
and the serum within an individual. Further, the Ig of fish species purified by protein A
possesses greater functional Fe affinity for the lower order forms to bound ProA
(Bromage et al., 2004). However, to date, no information has ye:t been forthcoming that
would suggest a possible functional role for these varied forms. One hypothesis that
Kaattari et al. posed (1998) was that reduced disulfide polymerization between these
subunits may result in greater flexibility of the molecule. Thus, such redox forms may be
able to accommodate a greater number of epitopes on a single carrier, than a tetramer
with greater polymerization. Such has been postulated by Feinstein et al. who
demonstrated that a loss in murine IgM rigidity in binding multivalent antigens may
result in an inability to bind Clq and activate the complement pathway (Feinstein et al.,
1986). Thus, variability in disulfide polymerization could lead to greater diversity in
function.
There are rare cases in mammals, where similar redox structural heterogeneity also
appears to occur. Chintalacharuvu et al. (1993) demonstrated that interchain disulfide
cross-linking in rat dimeric IgA is unstable, presumably due to the influence of nearby
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free sulfhydryl groups, and that non-covalent forces are critical for stabilizing the dimeric
IgA complex. Their results also indicate that the J chain is entirely non-covalently
associated with the H chains, an apparently unique feature of rat dimeric IgA. Schuurman
et al. (1999) reported that human IgG4 antibodies in plasma, are functionally monovalent,
as they possess two different antigen binding sites, which are unlike other lgG subclasses.
The bispecificity of human IgG4 antibodies is due to the fact that the inter-heavy chain
disulfide bonds of IgG4 are unstable, in equilibrium with between inter- and intra-chain
disulfide bonds (Schuurman et al., 2001).

Molecular Basis for Binding Site Diversity
Mammals are able to respond to a wide variety of different and novel antigens by the
production of highly diverse repertoires of antigen binding sites (Collins et al., 2003 ).
Since each antibody variable region arises from the selection from hundreds of different
gene segments encoding each of the Hand L variable regions, there are millions of
different possible antigen binding sites. This basic or 'germline'; repertoire is extended
via the process of somatic recombination (Tonegawa et al., 1974), wherein one member
of each of the V H, D H (heavy chain diversity region) and J n (heavy chain joining region)
gene complexes are randomly selected and fused with the C H gene to yield a H chain
coding sequence (Fig. 10). For example, if within an individual, there are 1000 V H genes,
10 D H genes and 5 J n genes as in mice, then an individual could generate 1000 x 10 x 5
(50,000) different (VDJ) n segments. Similarly, as L chain V regions are produced by the
random association of gene segments from the V L and J L complexes, the random
recombination of 100 V L genes and 5 J L genes could generate 500 V L segments. Further,
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the random association of H and L chains further contributes to the diversity, since the
antigen binding site is composed ofboth these variable regions (Mian et al., 1991).
Assuming that any one of the possible H chain and L chain gene recombinants can be
randomly chosen to be expressed in a single lymphocyte, the minimum number of H and
L chain combinations is about 2.5x 10 7 ~ (5x10 4 (VDJ)H x 5x102 (VJ)L)· Somatic mutation,
which can occur in cell previously activated by antigen, will result in binding to produce
additional antigen binding site diversity (Tonegawa et al., 1974:: Kim et al., 1981; Fig. 10).
Most somatic mutations are caused by point mutations resulting in nucleotide
substitutions, but can also include deletions or insertions. Somatic muation is a random
process, which also generates varying antibody affinities for antigen. This, in tum, can
result in increased affinity maturation through antigen-driven selection of resultant high
affinity receptor-bearing B lymphocytes. Alternatively, if the mutation leads to decreased
affinity of the Ig receptor, antigen-driven selection (discussed below) will not lead to
expansion of that clone. Thus, this process can change the specificity of antigen binding
sites that are available during an immune response to the inducing antigen.
Antigen binding site diversity can also be enhanced by N- addition (addition of
nucleotides to the VH gene by terminal deoxynucleotidyl transferase during the process of

D-J joining or V -to DJ joining) and P addition (addition of nucleotides from cleaved
hairpin loops formed by the junction of V-D or D-J gene segments during Ig gene
rearrangements). The splicing of each segment to the other can be variably executed to
produce "junctional diversity" to the antibody product by an order of magnitude,
contributing the enormous diversity. Finally, the combinational association of heavy and
light chains is another source to antibody diversity (Alt and Baltimore, 1982; Lafaille et
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Figure 10. lgH gene rearrangement and somatic mutation in mammals. Depiction of
the Ig H gene rearrangement and RNA processing events. Single VH (green/red boxes),
DH (dark blue boxes), JH (yellow boxes), and CH (brown boxes) germ-line gene are
rearranged, and joined to produce the functional heavy chain genes within each mature B
cell. Subsequent to antigen interaction somatic mutation may result in amino acid
changes within the CDRs (red and V, D, J joins), thereby increasing H chain diversity.
Somatic mutation (star) in CDRs produces additional heavy chain gene diversity. Leader
sequences are represented by black boxes.

34

VHx

.....,.._/!

Germ-line H chain DNA

---II

Gene rearrangement (Somatic recombination)

Rearranged H chain DNA

I

I
Transcription

mRNA

+

----somatic mutation

35

al., 1989). Recently, several studies have demonstrated the V regions of functional,
rearranged IgL and IgH genes can be replaced by newly rearranged Ig V region gene
segments, known as receptor editing (immature B cell) and receptor revision (mature B
and T cells), providing novel molecular mechanisms for generating antigen receptor
diversity (de Wildt et al., 1999; McMahan and Fink, 2000; Wakui et al, 2004, Nemazee,
2006).

Antibody Affinity
In describing antibody affinity it is useful to employ some basic definitions.
Specifically, the portion of the antigen that the antibody binding site contacts, is termed
the antigenic epitope. Epitopes are generally about the size of 6 - 8 hexoses or amino
acid residues (Kindt et al., 2007). Often studies on the affinity of the antigen binding site
employ small, epitopic molecules (haptens) which enable investigators to employ
techniques that can quantitatively assess affinity. The affinity or strength of interaction
between an antigen binding site and a hapten can be described by the following equation
(Kindt et al., 2007):

Ab+H

Ab-H

kz
K = k 1 I k2 = [Ab-H] I [Ab] [H] ------Equilibrium Constant [1]
where [H] is the free hapten concentration, [Ab] is the free

antig~en

binding site

concentration, [Ab-H] is the bound hapten concentration, k 1 is the association rate
constant, and k2 is the dissociation rate constant. The ratio of k 11kz is the equilibrium
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constant K, a measure of affinity, which is the ratio of the concentration of bound Ab-H
(antibody-hapten) complex to the concentration of unbound antibody and unbound hapten
at equilibrium (Kindt et al., 2007). Based on this equation, high affinity antibodies
strongly interact with the specific antigen, and tend to dissociat1e slowly; whereas the low
affinity antibodies possess high dissociation rate constants, and I or low association rate
constants.
Equilibrium dialysis is one classical method used to measure affinity. In this method
the antibody and hapten are placed on either side of a semipermeable membrane in a
given volume. This semipermeable membrane is permeable and permits free passage of
hapten only, but not the antibody (Kindt et al., 2007). Equilibrium between bound and
free hapten is achieved in time, and values for these concentrations can be determined at
that point. This equilibrium equation can also be written as:

K = [Ab-H] I [Ab] [H] = r I (n-r) (c)

------Equilibrium Equation [2]

where r is the ratio of the concentration of bound hapten to total antibody
concentration, c is the concentration of free hapten, and n is the number of antigen
binding sites per antibody molecule. For example, n is 2 for IgG, and 10 for mammalian
IgM (Kindt et al., 2007). A useful rearrangement of the equilibrium equation is Scatchard
equation:

rlc=Kn-Kr

------ Scatchard Equation [3]
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Values for r and c can thus be obtained from Scatchard plots by repeating the process of
equilibrium dialysis with the same concentration of antibody but with different
concentrations of hapten (Kindt et al., 2007). If all antibodies within a preparation are
monoclonal, thereby possessing the same affinity, then a Scatchard plot of r/c versus will
yield a straight line with a slope of -K (Fig. 11a). In this case, the measurement of
affinity is termed the absolute affinity. However, ifthe antibodies are heterogeneous with
a range of affinities (as is typical of serum antibodies), a Scatchard plot will yield a
curved line where the slope is not constant. This curve can be considered a reflection of
the average affinity of all of the different antibodies binding hapten at each concentration
(Fig. 11 b). The average affinity Ko is calculated by determining the value of K when one
half of the antigen binding sites are occupied, for example, when r is 1 for IgG (Kindt et
al., 2007).
Besides equilibrium dialysis (Eisen, 1964; Pascual and Clem, 1988), a variety of other
practical methods have been developed to measure antibody affinity, including
fluorescence quenching (Eisen, 1964), solid phase immunoassays (Nieto et al., 1984;
Shapiro et al., 1996), surface plasmon resonance (Karlsson et al., 1991; Mullett et al.,
2000), and kinetic exclusion immunofluorometry (Chiu et al., 2001; Xie et al., 2005). An
ELISA-based partitioning assay is a technique which can be used to determine both the
affinity of specific subpopulations within a single source and their relative concentration
within the total antibody pool (Nieto et al., 1984; Shapiro et al., 1996), yielding greater
resolution of the constituent antibody affinities. The other techniques, in essence, can
only yield an average weighted affinity while the ELISA techniques can both partition
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Figure 11. Scatchard plot for affinity analysis of monoclonal antibodies and serum
antibodies. (a) The straight line indicates that the antibodies are of homogeneous affinity

monoclonal for the ligand. In this case, the slope (-K) is -1.0 x 10 6 M- 1• Thus, K = 1.0 x
106 M- 1• The x-intercept indicates that this is a bivalent antibody. (b) The curved line
indicates that this population of antibodies is heterogeneous (i.e . serum antibodies) with
respect to its affinity for the ligand. The average association constant, Ko, is the
reciprocal of the concentration of free ligand at which one-half of all binding sites are
filled (in the case oflgG, r = 1). In this case, Ko = 0.5 x 106 M- 1• The term 'r' represents
the ratio of the molar concentration of bound hapter to molar concentration of antibody,
whilce 'c' is the molar concentration of free hapten.
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affinities as well as permit the calculation of an average weighted affinity (Nieto et al.,
1984; Shapiro et al., 1996).

Antibody Avidity

Avidity may be a more functionally accurate measure of antibody binding capacity
where multivalent antibodies and antigens are concerned (Appleyard et al., 1992). When
the antigen-antibody interaction is multivalent, the intrinsic affinity of a single antibody
binding site does not reflect the combinatorial strength of the antibody-antigen interaction.
The total binding strength of such multiple interactions between a multivalent antibody
and a complex antigen is termed the avidity of the antibody (Kindt et al., 2007). This is
more pertinent when considering the reaction of mammalian IgM (with 10 binding sites)
with a virus or bacterium, which possesses multiple identical epitopes. Thus, the valency
of an antibody is ofparamount importance in consideration of avidity. For example, the
IgG antibody, which contains two Fabs, has a valency of two; while pentameric IgM has
ten binding sites, or a valency of ten. It has been proposed that the low intrinsic affinity of
mammalian IgM is compensated by its decavalent valency, leading to a much higher
avidity than is possible for IgG (Jarvis and Voss, 1982). For example, mammalian IgM
antibodies exhibit 10,000-fold higher avidity than IgG antibodies even though the
intrinsic affinity of both antibodies is comparable (Kitov and Bundle, 2003). Logarithmic
differences in avidity, or total binding strength reflects the synergistic activity of all
antigen binding sites acting in tandem rather than a simple additive function. For example,
as a result of this synergy, two IgG binding sites are 10-1 00 fold more effective at
neutralizing a virus than two unassociated binding sites, and if the antibody has more
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binding sites, as in the case of decavalent IgM, it may be a milliion times more effective
(Appleyard et al., 1992). Thus, it has been observed that minute changes in intrinsic
affinity of the antigen binding site can cause logarithmic increases in antibody avidity
(Kitov and Bundle, 2003). Other factors, aside from the multiplicity of binding sites, can
affect avidity. For example, although lgG antibodies are more flexible than IgMs, they do
not possess a comparable spatial array. To summarize, antibody affinity, antibody
valency, antigen valency, and geometry all play roles in determining avidity.

It may be that a process of 'avidity maturation' (Boswell and Stein, 1996) would
represent a more comprehensive and holistic vision of the antibody response than affinity
maturation. An aspect of the possible importance in this avidity maturation can be found
in the induction of the immune response. B cells undergo extensive functional maturation

in vivo during an immune response, after their activation associated with interaction of
multivalent antigen and BCR complex (Wang and Clark, 2003). This phenomenon is
most dramatic when both the BCR and the co-receptor complex interact with the same
antigen or by aggregation on alternative cell surface. Much evidence suggests that crosslinking of cell surface antibody by multivalent antigen is an important signal that
contributes to B cell activation (Abbas, 1991 ).The interactions of the BCR complex and
the multivalent antigen during the activation ofB cells are directly related to avidity, not
intrinsic affinity, as all receptors are linked together via the cell membrane. Single
epitope binding does not trigger B cell activation but rather only multivalent attachment
(Kindt et al., 2007). Additionally, it has recently been demonstrated that antibody-like T
cell receptors (TCRs) do not undergo affinity maturation entailing changes in intrinsic
affinity, but undergo avidity maturation that relies on changing distribution or availability
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of the TCRs. This form of avidity maturation can result in a 50-fold increase in avidity
during the early stages of viral infection (Slifka and Whitton, 2001). This unique function
of TCRs may be thought of as a cellular means to achieve high avidity via topological
rearrangements not only of the surface receptors, but also of cellular lipid-rich domains,
in the absence of significant changes of intrinsic affinity (Margulies, 2001 ).

Teleost Antibody Affinity and Avidity
Although, there are structural differences between teleost and mammalian IgM
(tetramers vs. pentamers), they do have some similarities with respect to functionality.
Both types of lgM share a low intrinsic affinity, but possess a rather high avidity due to
their multivalency. Generally, the range of teleost lgM affinities for a variety of species
has been found to range between 104 M- 1 and 10 6 M- 1(Fiebig et al., 1977; Fiebig and
Ambrosius, 1977; Voss et al., 1978; Lobb, 1985; Killie et al., 1991; Kaattari et al., 2002).
The affinity of anti-DNP-antibodies (lgM) of carp remains relatively constant about 105
M- 1 through the early to late primary response (Wysocki et al., 1986). The average
affinity of coho salmon anti-fluorescyl antibodies is about 105 M- 1 at 2 months post
primary immunization (Voss et al., 1978), similar to that of Atlantic salmon anti-NIP
antibodies at 4 months post primary immunization (Killie et al., 1991). The average
affinity of channel catfish anti-DNP antibodies and rainbow trout anti-TNP antibodies is
about 106 M- 1 at 7 months post primary immunization and at 3 months to 10 months post
primary immunization, respectively (Lobb, 1985; Kaattari et al., 2002). Additionally,
through the use of an affinity partitioning assay (Appendix B), a wide range of antibody
affinities (1 04 to 106 M- 1) have been demonstrated in the rainbow trout anti-TNP response
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(Kaattari et al., 2002). Although this study demonstrated that rainbow trout are capable of
generating higher affinity antibody subpopulations (Ka = 10 6 M" 1) relatively late in the
antibody response, the average affinity is still low with the highest intrinsic affinity
subpopulation close to 107 M- 1•
However, the avidity of teleost IgM is much higher than that of mammalian lgG. It
has been reported that carp lgM anti-DNP antibody has a high avidity of 10 10 M- 1 late in
the primary response, and 10 12 M- 1 in the secondary response, although that ofthe
intrinsic affinity still remains low (10 5 M" 1) (Fiebig et al., 1977). It has been proposed that
the low intrinsic affinity of teleost antibody is compensated by the octavalent nature of
the tetrameric Ig, leading to a much higher avidity (Voss et al., 1978). Another study
confirmed this hypothesis by demonstration that the mammalian lgM antibodies exhibit
10,000-fold higher avidity than lgG antibodies, when the intrinsic affinity of both
antibodies is comparable (Kitov and Bundle, 2003).

Affinity Maturation
Affinity maturation, the process by which the overall affinity of the serum antibodies
increases over time, has been considered the hallmark of the adaptive immune response
in mammals.
One of the first reports of affinity maturation was with the rabbit anti-dinitrophenylbovine-gamma-globulin (DNP-BGG) response observed by Eisen and Siskind (1964).
These investigators not only demonstrated that the antibody affinity increased over time
after immunization, but that this increase was also dependent upon the amount of antigen
used. Specifically, decreasing amounts of antigen, although producing less antibody,
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yielded higher affinity antibodies. Such evidence supported the previous reported
antigen-driven selection theory that postulated that B cell clones with the highest affinity
receptors preferentially bind to the antigen, thus, under conditions of limiting antigen
only the highest affinity B cells can bind sufficient antigen to respond. Conversely, when
antigen levels are at their highest (i.e. at the inception of the response), there is activation
of a wide variety ofB cells, possessing not only high affinity re,ceptors, but also medium
and low affinity receptors. Thus, the antibodies produced in the latter situation will have a
wide range of affinities. As time proceeds, the antigen will decrease to limiting levels,
and only B cells with high affinity receptors will bind sufficient antigen to induce
activation and produce antibodies with correspondingly high affinity.
A mechanism which can enhance the affinity maturation is somatic mutation
(Neuberger and Milstein, 1995). Somatic mutation is a random process, which can
generate new binding sites through altering the selected V gene sequence of mature,
antigen-activated B cell. Such V gene mutations may increase, decrease, or have no effect
on the affinity of an antibody. However, once these new binding sites are generated,
antigen-driven selection will result in the preservation and expansion of somatic mutants
that encode the highest affinity for antigen. Although the acquisition of new binding sites
by somatic mutation is a random process, it is a highly regulated process, restricted to a
subset of B cells which progress through the memory B cell differentiation pathway
(Neuberger and Milstein, 1995). Studies have demonstrated that proliferating B cells, at
an early stage of the primary response, bear few mutations and have low affinities.
However, memory B cells, induced during the secondary response, exhibit high rates of
mutation resulting in a logarithmic increase in affinity (Manser et al., 1984; Wysocki et
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al., 1986). Maizels and Bothwell (1985) observed that somatic mutation was induced by
T cell dependent antigens, but not by T cell independent antigens. This finding was also
demonstrated in in vitro (Zan et al., 1999; Kallberg et al., 1996) which coincides with its
occurrence primarily in the memory response, a T -dependent process.
In mammals, another T-dependent process "class switching" was also originally
associated with affinity maturation. Since 'low' affinity IgM switched to high affinity
IgG, while using the same germline genes (Hirose et al., 1993), which were modified by
the acquisition of somatic mutations. It was assumed that both events were dependent
upon the same process. However, the process of class switching may not be required for
affinity maturation process, because somatic mutations are found in IgM antibodies late
in the immune response (Hirose et al., 1993 ), although their affinities do not increase as
dramatically as IgG.

Teleost Antibody Affinity Maturation
As with mammalian IgM responses, the affinity of teleost IgM responses do not
logarithmically increase after antigen challenge (either during the primary or secondary
response), and the affinity maturation of these responses is limited. Fiebig and
Ambrosius ( 1977) observed that a slight progressive increase in affinity of carp ( Cyprinus

carpio) anti-DNP antibodies occurs during the immune response. After immunization
with low doses of antigen (0.0 1 and 0.1 mg), the low average affinity (Ko

= 0.2 - 1.0 x

10 5 M- 1) in the early immune response increased up to 4 weeks (Ko = 3.2 and 9.1 x 10 5
M- 1) and decreased in the subsequent 3 weeks (K = 0.8 and 1.2 x 10 5 M- 1). Voss et al.

(1978) demonstrated that the average affinity constant for the coho salmon anti-fluorescyl
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antibodies slightly increased from 4.3 x 105 M' 1 to 4.7 x 105 M' 1 from 3 weeks to 8 weeks
post primary immunization. Similarly, only slight increases in the intrinsic affinity of
channel catfish anti-DNP antibodies have been demonstrated. Lobb (1985) observed that
the intrinsic affinity of the anti-DNP antibodies increased slightly from 1.2 x I 06 M' 1 at 1
month post primary immunization to 5.6 x 106 M' 1 at 3 months, to 8.6 x I 06 M' 1 at 7
months, and to a maximum of 1.1 x I 07 M' 1 at 15 months. Killie et al. (1991) reported an
analogous slight increase in affinity of Atlantic salmon anti-NP antibodies from a Ko
value of 3.4 x 10 5 M- 1 at 2 months post primary immunization to 8.4 x I 05 M' 1 at 4
months. These studies demonstrated that there is a limit or lack of affinity maturation in
teleost responses, which is also typical of most lower vertebrates (Wilson et al., 1992).
The previously held opinion that affinity maturation did not occur in teleost fish,
was primarily due to the fact that the increase of intrinsic affinity over time was difficult
to detect, and that somatic mutation, an important mechanism in generating high affinity
antibodies, had not yet been observed to occur in teleost fish. Recent studies in the
rainbow trout, using more sensitive techniques than the classical methods of equilibrium
dialysis and fluorescence quenching, demonstrated that affinity maturation definitely
occurs (Kaattari et al., 2002; Cain et al., 2002). Kaattari et al. (2002) employed a
partition-based immunoassay to detect a consistent increase in affinity within rainbow
trout anti-TNP antisera. It was also determined that rainbow trout were capable of
generating new, higher affinity antibodies relatively late in the antibody response. These
high affinity antibodies became dominant over time, resulting in the increase of the
weighted average affinity. It was proposed that either somatic mutation was occurring, or
that an early down-regulation of high affinity clones was transpiring (Kaattari et al.,
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2002). Cain et al. (2002) investigated the affinity maturation in rainbow trout by
measuring antibody-antigen binding kinetics using a sensitive BIAcore biosensor, and
found a 2-3 fold increase in affinity during the anti-FITC response (Cain et al., 2002).
Although somatic mutation is a key factor of affinity maturation in mammals, it has
not been clearly demonstrated whether the capability of expressing high affinity
antibodies in teleosts is due to the engagement of somatic mutation mechanisms during
the immune response. Lewis (2000) demonstrated that somatic mutations were
temporally observed over the course of an anti-TNP immune response in rainbow trout.
She found that the affinity maturation of anti-TNP trout antibodies and the emergence of
new, higher antibody affinity subpopulations correlated with the accumulations of unique
somatic variants, primarily in the CDR2 region oflg VH gene. Solem et al. (2004)
demonstrated, via the use of a phage display library, that Atlantic salmon possesses many
variant clones employing a wide combination of V domain sequences that give rise to
anti-TNP-binding activity, which, then, are likely to express a different affinity. Different
clones with mutational variants may well represent the molecular basis for the moderate
affinity maturation that is observed in immune sera of salmonids (Kaattari et al., 2002;
Cain et al., 2002; Killie et al., 1991 ), although the combination of sequences displayed by
phage display library may not be representative for antibodies expressed in vivo.

The Antibody Secreting Cell (B cell)

Mature B cells synthesize and secrete antibodies and display the B cell receptor
(BCR, membrane-bound antibody). B cell development is a highly regulated process,
which can be divided into different stages: production of hematopoietic stem cells (HSC),
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generation of mature, immunocompetent B cells from immature B cells, antigen-induced
activation of mature B cells, followed by the proliferation and differentiation of these
activated B cells into plasmablasts, plasma cells and memory B cells. Mammalian B cells
arise from the hematopoietic stem cell (Rossi et al., 2003) in the fetal liver before birth
and, later, from the bone marrow (Gathings et al., 1977). The generation of mature,
antigen-sensitive B cells occurs in the bone marrow, and begins as lymphoid stem cells
(LSC) which differentiate into progenitor B cells (pro-B cell), into precursor B cells (preB cells express a pre-BCR), and then into immature B cells with the support of stromal
cells in the microenvironment of the bone marrow. Immature B cells, expressing
membrane IgM as the B cell receptor (BCR), are selected for survival or elimination
depending on whether they express auto-antibodies against self-antigens in the bone
marrow. Thus, cell can be negatively selected due to bearing receptors that react too
strongly with self antigens and, thus, leading to cell death and clonal deletion. Surviving
B cells leave the bone marrow to continue their development in the periphery, maturing
into antigen-sensitive, but naYve B cells expressing cell-surface IgM and IgD. Mature,
naYve B cells then arrive in the marginal zone (a diffuse region of spleen that is rich in B
cells and contains lymphoid follicles, which can develop into germinal centers) of the
spleen and remain there as non-circulating B cells (marginal-zone B cells), or mature into
naYve follicular B cells (mature naYve B cell found in lymph follicles) which continue to
circulate until they die or encounter antigens. These mature naYve B cells, if stimulated by
antigen, proliferate and differentiate into plasmablasts (Jacob et al., 1991; Liu et al.,
1991), which secrete antibody, while continuing to express BCRs (Wehrli et al., 2001). In
T dependent responses, when follicular B cells are activated by antigens and receive T-
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cell help, they form germinal centers (GC), and then undergo class-switch recombination
and somatic mutation, resulting in the generation of high affinity antibodies. At this point,
the plasmablasts can develop not only into plasma cells, but also into memory B cells.
The plasma cells express much more antibodies; however, the memory B cells do not
secrete antibody. The memory B cells are long-lived, locate in specific niches, express
more BCRs, and can react quickly to a second antigen challenge.
Although both memory B cells and plasma cells are considered to be hallmarks of
the germinal-center reaction, class-switch recombination and somatic mutation can also
occur in B cells activated outside GC (Kim et al, 2006). Further, the exponential growth
phase of GC can be induced without T cell help (Lentz and Manser, 2001; de Vinuesa et
al, 2000) and it can occur outside the follicular environment (Futterer et al., 1998; Weih
et al., 2001).

B cell Activation
B cell activation can occur via two different routes (TD, thymus-dependent; TI,
thymus-independent), based on the nature of the antigen and TH cell dependency.
Proteins are antigens which require TH cell assistance (direct interaction with TH cells
thereby providing a requisite 2"d signal, and cytokines secreted from the activated TH
cells) (Parker, 1993). B-cell responses to these TD antigens result in isotypic switching,
enhanced affinity maturation, and the production of memory cells. In contrast, B cell
responses to TI antigens do not require the direct interaction with T H cells. Generally,
these responses are weaker than the TD responses and do not result in the formation of
memory cells (de Vinuesa et al., 2000; Liu et al., 1991; Lentz and Manser, 2001), IgM is
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the predominant antibody secreted in these responses, and there is only a low level of
class switching. There are two types ofTI antigen, each ofwhieh activates B cells by
different mechanisms: type 1 thymus-independent antigens such as LPS (polyclonal B
cell activators or mitogens), and type 2 thymus-independent antigens such as bacterial
cell-wall polysaccharides with repeating, polysaccharide units. No matter which type of
antigen, B cell activation involves at least two effective signals (crosslinking of
membrane lgs and endogenous co-stimulatory signal) induced by membrane events. For
example, interaction ofTI-1 antigen to a B cell provides both signals, and TI-2 antigens
activate B cells also by extensive crosslinking the membrane Ig receptor. However, for
TD antigens, the binding of antigen to BCRs provides the first signal, but the second one
is generated by the interaction between CD40 on the B cell and CD40 ligand on an
activated TH cell.
The classical definition of TD and TI antigens has been challenged by the results of
various experiments (Van Buskirk and Braley-Mullen, 1987; Letvin et al, 1987; Liu et al,
1991). For example, it was demonstrated that Tl-2 antigen elicits a long-term IgG-related
network memory (Lange et al., 2008). Further, TNP-LPS (TI-l antigen) had been
reported to be capable of inducing germinal center and memory B cell for formation in
the rat (Liu et al. 1991). Generally, the TD antigens elicit a significant antibody response
only after being presented toT cells and activating them; however, the Tl antigens can
directly cross-link BCRs leading to rapid antibody production (Lees et al. 1994; Zhang,
1999). Thus, this rapid kinetics of induction, together with the production of higher
antibody affinity elicited by the TI-l antigen, TNP-LPS (Zhang, 1999), would indicate
that the LPS carrier is a more efficient activator of lymphocytes than the protein carriers
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with respect to inducing a rapid antibody response, which was observed recently in our
laboratory (unpublished data).

Antigen Stimulation of the B cell
There are four main phases in the development of the TD antibody response (each
requiring a specific microenvironment): 1) Crosslinking of BCR via interaction of antigen;
2) The interaction ofB cells, activated by antigen, with antigen--activated T cells; 3) B
cell proliferation and differentiation into plasma cells, or plasmablasts in extrafollicular
foci, forming GC in follicles, and developing memory cells; 4) long-term survival of
plasma and memory cells within specialized niches. Recirculating B cells, migrating
between the follicles of the secondary lymphoid tissues via the blood and lymph
(Nieuwenhuis and Ford, 1976), can pick up antigen in the blood precipitating their
migration to the periarteriolar lymphoid sheath (PALS) of the spleen (Toellner et al.,
1996), followed by migration to the follicles (MacLennan and Gray, 1986) where they
form GC with the help ofT cells and develop to plasma cells and memory cells. Splenic
marginal zone B cells (non-circulating) encounter antigens from the blood, where they
are able to develop an extrafollicular antibody response to polysaccharide antigens
(Martin and Kearney, 2000), extrafollicular TD and TI -1 antibody responses (Liu et al.,
1991) and where they mature into plasmablasts (Toellner et al., ll996), then differentiate
into plasma cells (Sze et al., 2000). Further, dendritic cells (DC) have been demonstrated
to also transport antigen to the both types of B cells (Wykes et al., 1998; Balazs et al.,
2002). Memory B cell clones can persist for the life of an animal or even for successive
generations upon cell transfer (Askonas and Williamson, 1972; MacLennan et al., 1990),
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where they can respond to antigen, proliferatly, and mature to plasma cells (Vonderheide
and Hunt, 1990). Long-lived plasma cells can maintain antibody at certain level for
months, even years, but their survival requires the support of dendritic cells (Slifka and
Ahmed, 1998).

Antibody Synthesis
Immunoglobulin molecules exist in two forms: membrane-·associated (B cell antigen
receptor), or secreted (antibodies), which differ in the sequence of the heavy-chain
carboxyl-terminal domains. Secreted antibodies possess an approximate 20 amino acid
(AA) hydrophilic sequence in the carboxyl-terminal domain; while the membrane
receptor's C-terminus consists of a 40 AA residue hydrophilic segment immediately
exterior to the membrane, followed by a hydrophobic transmembrane segment, and a
short hydrophilic cytoplasmic segment. These secreted and membrane forms of the heavy
chains are expressed by alternative RNA processing, with polyadenylation of the primary
transcript at different poly-A sites. Mature naive B cells produce only membrane
receptors, whereas differentiated plasma cells and plasmablasts secrete antibodies
(Melchers et al., 2000).
NaYve B cells induced by antigens mature into plasmablasts which secrete antibodies,
and these plasmablasts can develop into plasma cells which can produce much more
antibodies than plasmablasts. Antibody synthesis includes translation of H and L chains,
folding and assembly of H and L chains resulting with concommitant disulfide
polymerization to produce antibody in the endoplasmic reticulum, continuous
modification (glycosylation) in the Golgi apparatus, and transport by the secretory
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vesicles that fuse with cell membrane (BCR) or release antibody. The H and L chains are
synthesized on separate polyribosomes of the rough endoplasmic reticulum from their
mRNAs. These chains are then cleaved off after moving into the lumen of the RER, and
undergo post-translational modifications (i.e., folding, assembly, disulfide bond
formation, and glycosylation) as the chains pass through the cisternae of the RER.
Folding ofV and C domains begins with their co-translation, and N-linked glycans are
added to the nascent chains, while intradomain disulfide bonds are developed to stabilize
the folding of each Ig domain. There are two pathways for the assembly ofL and H
chains resulting in a complete Ig, one follows the H-HL-(H2L)-I-hL 2 pathway, whereas in
another, He dimerization precedes H-L assembly (H-H2-(H2L)-H2L2) (Scharff et al., 1970;
Elkabetz et al., 2005). Glycosylation also plays a role in Ig folding, assembly and stability
(Hickman and Kornfeld, 1978). For example, the glycan (N563)in the tailpiece of1-1
chains may be essential for the proper polymerization, since site-directed mutagenesis,
leading to the elimination ofN563 results in large, precipitation·-prone polymers (de Lalla
et al., 1998).
A protein quality control system is expressed in the ER, which contains an efficient
ER-associated degradation (ERAD) pathway. If molecules fail to attain their native
structure due to disassembly or inappropriate disulfide reductions, they are transferred to
the cytosol to be degraded by proteasomes (Fagioli and Sitia, 2001). Whereas, the
properly folded and assembled molecules are transported into the Golgi apparatus
(glycosylation may also occur after they move through the Golgil apparatus) and then into
secretory vesicles. The membrane form, containing the transmembrane sequence, is
inserted into cell membrane as the vesicle fuses with the cell membrane. However,
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secreted antibodies, containing a hydrophilic sequence, are released from the cell upon
fusion with the cell membrane.

Melding Past and Current Redox Studies
Ledford et al. ( 1993) demonstrated that a single catfish C~ gene sequence from the
catfish could, when transfected into a murine lymphoma line, produce all the disulfide
variability observed in catfish serum. Thus, not only is the variable polymerization in
catfish due to post-translational modifications of a single gene product, but this
modification can even be replicated within a murine lymphocyte. Another approach to
determine if all redox forms could be generated from a single message focused on the
clonal expression of these forms. Previously, our laboratory (Kaattari et al., 1998)
employed a clonotypic examination of immunopurified serum antibodies from trout. To
accomplish this, these immunopurified antibodies were isoelectrically focused, then
electrophoresed under denaturing, non-reducing composite acrylamide gel
electrophoresis (CAGE) (Fig. 12). In this analysis each clonotype (isoelectropherotype)
possessed a comparable heterogeneous redox profile. Thus, as was demonstrated by the
transfection study, each lymphocyte is capable of modifying its gene product to produce
all the observed disulfide heterogeneity.
This post-translational induction of disulfide heterogeneity was unanticipated as,
typically, rigorous endoplasmic reticulum quality control functions are meant to insure
that disulfide polymerization of multimeric proteins such as immunoglobulins is
complete (Fagioli and Sitia, 2001). Failure to complete this function is corrected by
either retention or degradation of the unpolymerized molecules (Hurtley and Helenius,
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Figure 12. Antibody clonotypes share structural diversity (Permitted by
Immunological Reviews to use figure 4 in Kaattari et. al., 1998; Immunol. Rev., Vol.
166: 133-142). Two-dimensional electrophoresis in a composite gel was performed on a
sample of immunopurified trout anti-TNP antibodies. The first dimension consisted of
isoelectric focusing (pH4.0- pH 6.0) under non-reducing conditions in a composite tube
gel. The second dimension was electrophoresed in the presence of SDS without reducing
agents. Lane A is purified antibodes exposed to only the latter conditions to facilitate
identification of subunits. The positions of monomeric, dimeric, trimeric subunits and
completely polymerized tetramer are depicted. (Reprinted by permission).
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1989; Fra et al., 1993; Fagioli and Sitia, 2001). As other taxa (mammals, birds, and
elasmobranches) generate completely polymerized IgM molecules, the possible reasons
that would foster the evolution of such a significant functional deviation are intriguing to
consider. In this regard, a number of hypotheses for such diversity had been considered
including: can this structural diversity enable teleost antibodies to perform functions that
are determined isotypically in mammals? Alternatively, such structural diversity may
enable fish antibodies to perform functions unique to teleosts. This structural
heterogeneity may offer functional breadth to each specificity (Kaattari et al., 1999). For
example, the relative degree of flexibility might permit varying the spans (or 'reach')
between the individual binding sites (Fabs). It might be possible: that, in the absence of
inter-monomer disulfides, the individual binding sites of a single molecule could more
easily accommodate a more random array of epitopes on the surface of a pathogen, while
a fully polymerized would be more constrained to binding those epitopes within the
proscribed positions. Such a situation would theoretically endow the more reduced form
of antibody with greater avidity (capability ofbinding more epitopes) (Feinstein et al.,
1986; Arata et al., 1980; Seegan et al., 1979).
A unique concept that was entertained was the possibility that there might be an
association of disulfide structure with binding site affinity.' This hypothesis arose from
two different perspectives, one based on previous laboratory obs,ervations (Kaattari et al.,
1998) and the other based on reported studies of murine antibodies (Brown and Brown,
1982). First, although we originally presumed that the ratio of redox forms was likely
invariant among different clonal populations, based on the isoelectropherotype analyses
of Kaattari et al., 1998, immunopurified antibodies from very late sera typically appeared
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to possess a much greater degree of polymerization than antibodies procured earlier in the
response. This became of particular interest as it had been previously demonstrated in our
laboratory (Kaattari et al., 2002), that the antibody affinity increased significantly over
time post immunization (affinity maturation). Thus the possibility arose that the apparent
shift in redox structure may be directly related to the affinity of the antibodies. This latter
hypothesis would also suggest that the process of disulfide polymerization may be
actively regulated by the affinity of BCR interaction with the cognate antigen.
However, an alternative concept was also considered, that of affinity being
modulated via the polymerization process. This concept arose due to recent observations
that antibody binding site affinity can be affected by alterations to the Fe (Torres and
Casadevall, 2008; Torres et al., 2007; Cooper et al., 1994; Pritsch et al., 2000). Thus,
differences in disulfide polymerization could be a channel through which binding site
affinity could be altered or diversified. This hypothesis was attractive in that it could
engender a means of functionally expanding the rather physically restricted teleost or
trout antibody repertoire (Roman and Charlemagne, 1994; Brown et al., 2006). Further,
previous observations showed that intracellular Igs possessed a far less polymerized
structure than did the secreted antibodies from the same cells (Fig. 13). Thus, the
potential existed to test the hypotheses that polymerization could affect affinity (Section
5.1, below).
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Figure 13. Structure of supernatant antibodies and lysate Igs in vitro. Structures of
purified supernatant antibodies (sup) and intracellular (lysate) Igs ofPBL leukocyte
culture with or without dithiobis (succinimidyl) propionate (DSP) treatment were
determined upon SDS-CAGE. Supernatant antibodies share the typical redox structure
with serum antibodies, not result in a shift to fully-crosslinked tetramers upon DSP
treatment. However, lysate Igs appear as a dominant monomer subunit which do not
coalesce into higher molecular weight forms after DSP treatment. Molecular weights are
depicted as kilodaltons (kDa).
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MATERIALS AND METHODS

Animals

Rainbow trout (Oncorhynchus mykiss) in all studies were procured at a size of
approximately 10-25 g, immunized upon attaining a size between 50- 125 g, and kept
2-3 years for sampling. The fish were routinely maintained in Dr. Kaattari's wet
laboratory at the Chesapeake Hall of the Virginia Institute of Marine Science. All fish
were maintained in 250 gal tanks (50 fish I tank) within a recirculation system supplied
with biofiltered, UV treated, and dechlorinated city water held at a constant 12 °C. Fish
were fed daily with a dry pellet diet (Trout Grower High Fat; Zeigler Brothers, PA).
Freshwater exchange was approximately 2% every day with 75% of the volume
recirculated through the filter system every hour. The water quality is monitored every
other day for pH, ammonia and nitrite levels. All animal protocols were reviewed and
approved by the Institutional Animal Care and Use Committee ofthe College of William
and Mary.

Antigen Preparation

TNP-KLH (Trinitrophenylated-keyhole limpet hemocyanin) was prepared as
described by Rittenberg and Amkraut (1966). In brief, 5 ml of a 15 mg/ml of KLH
(Sigma, St. Louis, MO) was dialyzed against one-liter exchanges of phosphate buffered
saline (PBS; Appendix A). After dialysis the KLH solution was stored in a foil-covered
tube. The TNP-KLH haptenation was accomplished by the drop-wise addition of 100

~12,

4, 6-trinitrobenzenesulfonic acid solution (TNBS, 5% w/v, Sigma) to the KLH, and this
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solution was mixed on a rotator for 1 hour at room temperature. The solution was then
dialyzed against three one-liter exchanges of PBS to remove unreacted TNBS. After
dialysis, the solution was filter-sterilized using a 0.22 f.!m filter (Millipore, Bedford, MA)
and stored in a sterile stoppered amber bottle at 4 °C. Protein concentrations were
determined by bicinchoninic acid protein assay as per manufacturer's instructions (BCA;
Pierce, Rockford, IL).
TNP-LPS (Trinitrophenylated-lipopolysaccharide) was pre:pared as previously

described by Jacobs and Morrison (1975). Briefly, 50 mg LPS (E. coli 055:B5, Sigma)
was suspended in 2.5 ml of 0.28 M cacodylate buffer (Appendix A), and the solution
adjusted to a pH of 11.5 by the addition of 1M NaOH. Sixty f.!l of picrylsulfonic acid was
added drop-wise to the LPS solution. After 2 hours of rotation at room temperature, the
TNP-LPS solution was dialyzed against three one-liter exchangf~s of PBS at 4 °C, then
dialyzed against one exchange ofRPMI 1640 (Sigma). This solution was pasteurized by
being held at 70 °C for 30 minutes, and stored at 4

oc in a sterile amber bottle. Antigen

preparations were tested for sterility by incubation at 3 7 oc for 72 hours.
TNP-bovine serum albumin (TNP-BSA) was prepared follmving previously

published methods (Garvey et al., 1977). Briefly, to a solution of I 0 mg/ml BSA (Sigma)
in borate buffer (O.lM) (Appendix A), various volumes ofTNBS were added to achieve
varying haptenation ratios. The solutions were then mixed at room temperature for two
hours in foil-wrapped tubes. The conjugated BSAs were then extensively dialyzed against
four one-liter exchanges of PBS and protein concentrations dete1mined by BCA protein
assay as above. The protein concentration and haptenation ratios were determined
spectrophotometrically using the formula (Garvey et al., 1977):
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X

[BSA]mol/1 + 0.337

OD340 = 1.25

X

10

4

X

X

1.25

X

10

4

X

[TNP]mol/1

[TNP]mol/1

The molar haptenation ratios (TNP: BSA) were determined spectrophomterically to be 1
(TNP 1-BSA) and 13 (TNPu-BSA).

Immunization (Trout)
Trout were anesthetized in water containing 0.2 g 3-aminobenzoic acid ethyl ester
(MS-222, Sigma) I L prior to immunization. For the affinity maturation and selective
immunopurification experiments, fish ( 100-125 g) were immunized by intraperitoneal
(i.p.) injection with 100 f.!g ofTNP-KLH in a total volume of0.2 ml emulsified 1:1 in
Freund's complete adjuvant (FCA, Sigma). Control fish (1 00-125 g) were injected with
0.2 ml (total volume) PBS emulsified with equal volume ofFCA. Fish (50-75 g) used in

in vitro antigen stimulation experiments were immunized by i.p. injection with 50 f.!g of
TNP-LPS in a total volume of0.2 ml emulsified 1:1 in FCA.

Serum and Plasma Preparation
Fish were anesthetized in water containing 0.2 g MS-222 I L prior to bleeding.
Blood was collected by venipuncture from the caudal vessel, and then placed in a sterile
1.5 ml tube. After allowing the blood to clot at 4 °C overnight or 2 hours at room
temperature, the samples were centrifuged at 500 x g for 15 minutes and the serum
collected and stored at -20

oc until used. In preparation of leukocytes in the study of in

vitro antigen stimulation, fish were anesthetized by immersion in an MS-222 solution as
described above and approximately 1 ml of blood was collected from the caudal vein in a

64

heparinized vacutainer. Briefly, the heparinized peripheral blood was centrifuged at 500 x
g for 10 min at 4 °C and plasma was removed from the cell pellet stored at -20 °C until
use.

Preparation of Intracellular Immunoglobulin

The lysate Igs were produced through lysis of cultured leukocytes with lysis solution
(below), following the protocol of intracellular Ig isolation. Briefly, after harvest,
leukocytes were washed with RPMI -1640 three times ( 1Omllper time), then the lysis
solution was added or the cells were stored at -20 °C until used. Rinsed leukocytes or
frozen cell pellets were lysed in 1.0% NP-40 (Sigma) in buffer containing 1OOmM Tris
(Sigma), pH 7.5, 150mM NaCl (Sigma), 5mM EDTA (Sigma), 1.0% iodoacetamide
(Sigma), and 0.1% NaN3 (Sigma). At the time oflysis, additional iodoacetamide (60mM
final concentration) was added together with the protease inhibitors phenylmethyl
sulfonyl fluorid (1mM final concentration, Sigma), leapeptin (1 JlM, Sigma), and
aprotinin (1 JlM, Sigma). The process oflysis was took 30 minuntes on ice.

Biotinylation of Antibodies I Immunoglobulins

Purified monoclonal antibody, TNP-specific trout antibody or non-specific trout
Immunoglobulin were biotinylated by incubation with Sulfo-NHS-Biotin (Sigma) as per
manufacturer's instructions. Briefly, an appropriate volume of 10 mM biotin reagent
solution was added to a solution of antibody I Ig (a 20-fold molar excess of biotin reagent
to 1-10 mglml immunoglobulin, or a 50-fold molar excess for protein concentration less
than 1 mglml). The reactants were incubated at room temperature for 30 mins. After this
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incubation, the mixture was dialyzed to remove any unreacted biotin by 3 fold dialysis
against three one-liter exchanges of PBS at 4 °C. Biotinylation titer was assessed via a
sandwich ELISA. Briefly, ELISA plates (Costar, Cambridge, MA), coated 50 f.ll of a 2
f.lg/ml avidin (Sigma) for 1 hour at 37

oc

and blocked by 200 f.ll blocking buffer for

another 1 hour at room temperature. Serial dilutions of biotinylated trout Ig were then
incubated on the avidin coated wells for 1 hour, washed, th1:::n incubated with 0.0625
ng/50

f.ll

per well

of strepavidin-horseradish peroxidase

(SA-HRPO,

Jackson

ImmunoResearch, West Grove, PA) for 1 hour. The plates are developed with an ABTS
developer solution. Redox profiles of trout Ig were analyzed on a SDS-CAGE gel as later
described, using AlexaFluor 680 streptavidin (Invitrogen, Eugene, OR).

Antibody and Immunoglobulin Quantification (qELISA)
The anti-TNP titers oftrout or mouse serum, plasma, culture supernatant or
immunopurified antibody were determined by a quantitative antilgen-capture, enzymelinked immunosorbent assay (qELISA) as developed in our laboratory and previously
described (Shapiro et al., 1996). Briefly, wells of a 96-well plate were coated with 50 f.ll
per well of a 10 f.lg/ml TNPwBSA in coating buffer solution (Appendix A) at 37

oc for

one hour. After coating, remaining protein-binding surfaces were blocked with 200 f.ll
blocking solution (Appendix A) for 1 hour at room temperature. Plates were then washed
three times with TTBS (Appendix A). Serial dilutions of serum samples were made in
0.1% BSA-TTBS (Appendix A). Fifty f.ll of each dilution was added into the wells. The
plates were incubated at room temperature for 1 hour. After washing with TTBS three
times, 0.5 ng I 50 f.ll per well of a biotinylated mouse monoclonal antibody against trout
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immunoglobulin (Warr's B 1-14) (de Luca et al., 1983) was added to each well. The
plates were then incubated at room temperature for 1 hour. After washing with TTBS, the
plates were incubated with 0.0625 ng I 50 f..ll per well of SA-HRPO for 1 hour at room
temperature. The plates were washed three times with TTBS, and 100 f..ll of an ABTS
developer solution (Appendix A) were added. The optical density (O.D.) rate was
measured using a Titertek Multiskan MCCI340 microplate reader (MTX, Vienna, VA) at
405 nm. Titers were expressed as the number of antibody units per ml of serum, tissue
culture medium etc. A unit of antibody activity is defined as the volume of sample
required to produce optical density (O.D.) rate of half the maximum rate.
The titration of mouse serum antibody is similar to that of ltrout antibody, but the
only difference is using one antibody, 0.125 ng I 50 f..ll per well of a goat anti-mouse IgGHRPO (Jackson lmmunoResearch), in place of the anti-trout Ig, (B 1-14) and SA-HRPO.
The remaining procedures for murine antibody determinations were identical to that of
trout.
Total immunoglobulin concentrations for trout was determined using a similar
ELISA procedure, with the only modification being the coating of the microtiter plate
with 50 f..ll per well of a 2 f..lglml anti-trout immunoglobulin monoclonal antibody (1-14)
instead of an antigen. A standard of dilution set of purified immunoglobulin was used as
a quantitative standard throughout (Shapiro et al., 1996).

Affinity Partitioning Analysis (Affinity ELISA) (Appendix B)
The anti-TNP antibody affinities were determined by a partitioning ELISA-based
analysis originally described by Nieto et al. for murine sera (1984) and adapted by Dr.
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Kaattari' s laboratory for use in salmonids (Shapiro et al., 1996). Briefly, each row of a
96-well ELISA plate was coated with 100 J.!llwell TNP-BSA with seven 1:3 serial
dilutions beginning with a maximum concentration of 10 Jlg/ml. The plate was then
incubated at 37 °C for one hour. After washing the plates three times with TTBS, they
were blocked with 200 111 per well of blocking solution for 1 hour at room temperature.
Fifty 111/well of serial, 5-fold dilutions of a 10·3 M TNP-lysine (Sigma), as well as a series
ofblocking solution controls, were then loaded into each column to assess the 50%
inhibitory concentrations (an approximation of the Keq or approximate affinity constant
aK as described by Nieto et al. (1984)). Fifty 111 of each serum sample, containing 1 unit
of antibody activity, was then loaded into each well. The remaining procedures were as
same as the standard ELISA. Murine antibody affinity determinations were performed in
a similar manner except, (as described above), murine specific reagents were employed to
detect the murine antibodies. Basically, subpopulations of antibodies were differentially
captured from aliquots of sample each containing one unit of antibody activity by
incubation on graded concentrations ofTNP-BSA. The row coated with the lowest
antigen concentration captures only the highest affinity antibodies. Each adjacent row,
being coated with a higher concentration of antigen captures additional, lower affinity
antibodies. All antibodies are inhibited by graded concentration of TNP-lysine inhibitors.
The characteristic affinity of each of affinity subpopu1ation (aK) is determined by
the equation:
aK =

-

log (1 I [Hso]i),

where [H 50] is the concentration of the hapten required for 50% reduction of the
maximum O.D. rate for antigen coating concentration 'i'. The weighted average affinity
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of the total antibody population can consequently be calculated as: weighted average aK

=L: (aKi * Pi) where Pi is the percentage of antibodies captured at antigen concentration
'i'. Thus, this analysis not provides an antibody affinity distribution profile, but can also
provide a weighted average affinity for the sample.

Gel Electrophoresis and Immunoblotting
Reducing, denaturing SDS-PAGE gels were prepared and run according to the
methods ofHarlow and Lane (1988b) without modification. Non-reducing, denaturing
composite agarose-acrylamide gels (CAGE gel, 3.1% acrylamide) were made according
to the methods of Jackson et al. (1980) with some modification, which was devised to
provide greater resolution of the various redox forms (see Appendix C). Modification #2
was used throughout the dissertation (Appendix C). Each antibody sample was added to
an individual lane and electrophoresed at 4 oc and 125 V until the dye front reached the
bottom of the gel. The proteins were transferred at 4 oc and 100 V for 1 hour to an
Immobilon-FL polyvinylidene difluoride membrane (Millipore) (Bromage et al., 2006).
After transfer, the membranes were incubated in a casein blocking solution (Appendix A).
Membranes were then incubated with 0.5 ).lg/ml anti-trout H chain Mab 1-14 in TTBS for
1 hour, followed by three TTBS washes (5 min/per wash) on a rotator mixer. The
membranes were then incubated in 0.4 ).lg/ml AlexaFluor 680 goat anti-mouse IgG (H +
L) (Invitrogen) for another hour. Alternatively, detection of biotinylated trout
immunoglobulin, after transfer, was accomplished by incubation in of the membranes
with 0.4 )lglml AlexaFluor 680 streptavidin (Invitrogen) for 1 hour, followed by the
procedure as described above. In order to ascertain the degree of inter-monomeric
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disulfide bonding (redox subunit ratios), densitometry of the bands was performed using
the Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE). Analysis of
DSB coefficient was described as in the following section "DSB coefficient
determination".

Purification of Trout Antibodies I Immunoglobulin
Immunoadsorbent Preparation and Antibody Binding Capacities
The hapten-protein conjugates (TNP 1-BSA) and (TNP 13 -BSA) were linked to CNBractivated Sepharose-4B beads (Amershan Biosciences, Sweden) as per manufacturer's
instructions, using a concentration of 15 mg protein per ml of Sepharose beads (Appendix
D). The antibody binding capacities of these beads were determined by incubating
various concentration ofanti-TNP serum to a 10 J..tl volume ofhaptenated beads. The
incubations were performed on a rotator mixer at 4 octo bind antibodies. Following this
incubation the beads were pelleted, and the supernatant collected. Unbound proteins were
removed by repeated PBS washes (total 5 times) and low speed centrifugation (500 x g).
The supernatants from each step were collected and analyzed for antibody activity. The
amount of bound antibodies were analyzed by immunoblotting after running upon SDSPAGE. In this manner, via serum titration over equivalent volumes ofbeads, the absolute
binding capacity of the beads was determined.

Immunopurification ofAnti-TNP Antibodies
Immunoadsorbents for the affinity purification of the trout antibodies consisted of
CNBr-activated Sepharose beads conjugated with TNP-lysine as per the manufacturer's
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instructions (Amersham Biosciences, Wikstroms, Sweden) (Appendix D). Prior to
immunoadsorption of serum antibodies, the sera was diluted 1:2 in PBS, pH 7.2 and
added to slurry of coupled beads and placed in Bio-Spin columns (BioRad Laboratories,
Hercules, CA). The suspension then was mixed overnight at 4 °C. Anti-TNP serum
antibodies were eluted using modified procedures of Harlow and Lane (1988c) as follows.
Unadsorbed material was eluted from the column using 10 mM PBS until the 0. D. at
280nm was equivalent to background. TNP-lysine (1mM) in PBS was added to the
column and allowed to mix end-over-end for 2 hours at 4 °C on rotator. One column
volume of elute was retrieved and this step was repeated 3 times with the last mixing step
occurring overnight at 4 °C. Acid and base elution was performed respectively with a
single 2 hours mixing step prior to each collection.

Immunoadsorption ofAnti-TNP Antibodies Using Varying Haptenation Carriers
A saturating amount (10,000,000 units, a 3-4 fold excess) oftrout anti-TNP serum
was incubated with a limiting amount ofTNP 1-BSA conjugated Sepharose beads (1 ml)
in a Bio-Spin chromatography column (BioRad) and rotated at 4 °C overnight. After this
incubation, the column was washed with ten bed-volumes of PBS. The unbound protein
fraction was then incubated with an excess of TNP 13 -BSA beads to retrieve all unbound
antibodies. One thousand units of unfractionated original antisera (controls) were added
to 50 J.d TNP 13 -BSA beads to secure 100% adsorption (Bromage et al., 2006), which was
examined via ELISA titration to ensure that all activity was adsorbed. These adsorbed
antibodies were then displaced with 1o-3 M TNP-lysine solution in PBS. All solutions
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were dialyzed against three one-liter exchanges of PBS, concentrated with polyethylene
glycol (PEG) 12,000 - 20,000 (Sigma) and affinity analysis performed.

Isolation of Immunoglobulin by S300 Exclusion Chromatography
A commercial HiPrep 26/60 Sephacryl S-300 High Resolution column (26 x 600
mm) (GE Healthcare Life Sciences, USA) was used to isolate trout serum Ig for half-life
analyses, using their molecular weights standards for calibration; blue dextran (2000
kDa), thyroglobulin (669 kDa), apoferritin (400 kDa), P-amylase (200 kDa) and bovine
serum albumin (66 kDa) (Sigma) . The bed height was 60 em with a total bed volume of
320 mi. The column was equilibrated with 0.02% azide PBS at a rate of 1.3 mllmin.
Whole serum samples (3.0 ml) were added to the column and the protein elution
monitored by UV absorbance (A280). Samples (1.3 ml) were collected using a Cygnet
Fraction Collector (Isco, Lincoln, NE). Protein concentration determined using BCA
(Pierce), and protein composition assessed by SDS-PAGE and densitometry.
Confirmation of immunopurified antibodies (both supernatant and lysate) also
employed gel exclusion using Sephacryl S-300 support matrix (Pharmacia, Piscataway,
NJ) in a 25 em x 1 em column (BioRad) used with head flow supplied with a Miniplus 2
peristaltic pump (Perkin-Elmer, Norwalk, CT). The Sephacryl S-300 was equilibrated
with 0.02% azide PBS. The column (25 em x 10 mm) was poured and buffer
administered under positive pressure at the manufacturer's recommended flow rates 0.5
ml/min. The column was calibrated using the MW standards as above. The column was
washed with three column volumes of PBS between each column run. A volume of 0.1
ml of immunopurified trout anti-TNP antibody was applied to the column and fractions
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collected. Fractions were assayed for trout immunoglobulin using a quantitative capture
ELISA.

Disulfide Bond (DSB) Coefficient Determination

Upon obtaining densitometric values for the redox forms of immunoglobulin
(tetrameric (approximately 800 kDa), trimeric (600 kDa), dimeric (400 kDa) and
monomeric (200 kDa) components), the average number of inter-monomeric disulfide
bonds (DSB coefficient) per antibody molecule was calculated as follows:
Average DSBs I antibody within an antibody pool= (3.5* a+ 2 b + 1 c) I d
where;
a= O.D. of covalently linked tetramers I 800 kDa

(~relative

molar amount of cross-

linked tetramers)
b = O.D. of covalently linked trimers I 600 kDa (~relative molar amount of cross-linked
trimers)
c = O.D. of covalently linked dimers I 400 kDa (~relative molar amount of cross-linked
dimers)
d =sum of all O.D. of all Ig bands I 800 kDa (~relative molar amount oflg monomers)

* Currently we are unable to distinguish between tetramers that are cyclic (containing
four inter monomeric disulfides) or linear (containing three), thus we use the factor, '3.5'

Dithiobis (Succinimidyl) Propionate DSP Antibody Analysis
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The non-covalent association of antibody monomers was assessed using the
bifunctional crosslinking reagent, dithiobis (succinimidyl) propionate (DSP, Pierce).
Briefly, antibodies (1 mg/ml in PBS) were added 1110 volume DSP which was dissolved
in Dimethyl sulfoxide (DMSO, Sigma), and incubations were performed at room
temperature for 30 minutes at room temperature. Concentration of 0.1 mM was employed
to assess non-covalent associations in supernatant Abs and lysated Igs. After this
incubation, a glycine stop solution (500 mM) was added at a final concentration of 50
mM to quench the reaction and the mixture was incubated for another 15 minutes. The
final solution was dialyzed against three one-liter changes of PBS at 4 °C. Redox profiles
of antibodies treated with DSP were analyzed by quantitative densitometry upon SDSCAGE.

Trout Antibody I Ig Half-life Analysis
Purified TNP-specific trout antibody used in the half-life studies was obtained by the
immunoadsorption procedure described above. Approximately 100,000 units of
immunopurified anti-TNP antibody

(:=:::: 100

Jlg) was transferred into an anesthetized naive

hosts via cardiac injection. At 5 minutes post injection and daily thereafter 100 Jll (< 1%
of blood volume) of blood was withdrawn using a 30 gauge needle from the caudal vessel.
Plasma was collected and stored frozen until analyzed. The specific anti-TNP titer and
affinity of the plasma samples were assessed via qELISA and Affinity ELISA,
respectively. The transferred antibody was reisolated by immunoadsorption as described
above and the titers, affinities, and redox structures determined using procedures
described above.
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Immunoglobulins purified from nai've trout, used for half-life determinations was
biotinylated after isolation using a Sephacryl HR S-300 column as described above. As
previous described, the biotinylated purified trout Ig was injected into an anesthetized
naive hosts via cardiac injection. The trout Ig biotin titer was assessed via the sandwich
ELISA developed above, and their redox profiles were quantified on a SDS-CAGE gel
stained using AlexaFluor 680 streptavidin (Vitrogen).

In Vitro Immunization of Trout Lymphocytes
Trout peripheral blood (PBL) leukocyte isolation and culture were as previously
described with modifications (Bromage et al., 2004). Briefly, whole blood was procured
by caudal vessel venipuncture using heparinized vacutainers (Becton Dickinson, Franklin
Lakes, NJ). The peripheral blood cells were then pelleted by centrifugation at 500 x g and
resuspended in RPMI 1640 to 6 times the original blood volume. No more than twelve
milliliters of this PBL suspension were layered upon a single, equivalent volume of
Histopaque 1077 (Sigma) in a 50-ml conical centrifuge Falcon tube (Coming, NY). The
suspensions were then centrifuged at 500 x g for 40 min. Leukocytes were collected from
the interface layer of the Histopaque preps, pooled, and washed three times in RPMI
1640 by centrifugation at 500 x g for 5 min. Viability was detennined by trypan blue
(Sigma) exclusion and cells were resuspended to a concentration of2 x 10 7 cells I ml in
tissue culture medium (TCM) as described in Appendix A. Fifty J.ll aliquots of the
appropriate antigen, TNP-LPS, concentration or TCM control and 50 f..ll of the cell
suspension were added to each well. Starting on the day after initiation of cell culture, 10
f..tl of the nutritional supplement (Appendix A) was added on alternate days. Plates were
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placed into an incubator culture chamber (C.B.S. Scientific Company, Del Mar, CA)
supplied with blood gas (10.4% Carbon Ciodide, 10.4% Oxygen, 79.2% Nitrogen) and
incubated at 18

oc.

At specified days post culture initiation, supernatants and/or cells

were harvested for anti-TNP titer and affinity determinations Redox profiles of purified
anti-TNP antibodies were analyzed by quantitative densitometry upon SDS-CAGE gels.

Antigen Pulsing Protocol
The antigen doses (0.01-10.0 J.Lg/ml TNP-LPS) employed in the in vitro cultures
were added in the same manner as the above in vitro antigen stimulation protocol. At day
3, the cultures were washed 4 times with TCM. The cells were then cultured in TCM
alone. Controls were similarly washed, but replaced with TCM containing the original
antigen concentration. At day 7 of culture, supernatants were harvested and anti-TNP titer
and affinity were determined.

Mouse Immunizations and Monoclonal Antibody (mAb) Production
Anti-trinitrophenyl monoclonal antibodies (anti-TNP mAb) were produced by
immunizing mice with TNP-KLH and screened using TNP-BSA in an ELISA format.
Six-week-old female Balb/c mice were injected (intraperitoneally) with 50, 10, 10, and
5 J.Lg ofTNP-KLH at week 0, 8, 14 and 18, respectively. Specific serum titers and initial
affinity measurements were determined as described above, and fusions conducted upon
attainment of suitably high serum titers and affinities. Mouse splenocytes were fused to
the myeloma fusion partner SP2/0 following standard techniques with 50% PEG protocol
(Harlow and Lane, 1988d). The resulting colonies were screened with plates coated with
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0.2 Jlg/mL TNP-BSA, and positive wells were cloned three times and screened via
ELISA and western blot to assess specificity. The affinities were subsequently
determined via Affinity ELISA (Appendix B). The highest affinity monoclonal IgG
antibody IOAII, and five monoclonal IgM antibodies for TNP were selected, cloned.
Anti-TNP monoclonal antibodies from ascites were purified following the method of
Harlow and Lane (1988d). Simply, 1.0 ml of ascetic fluid was diluted to 2.0 ml with 1 M
Tris (pH 8.0). The resulting solution was filtered through a 0.45 mm filter (Millipore) to
remove fine particulates and added at room temperature to a 3 ml Biospin column
containing 1 ml of Affi-gel A (BioRad) and incubated at 4

oc overnight. After incubation,

columns were then first washed with I 0 column volumes of 100 mM Tris (pH 8.0) to
remove any unbound proteins, followed by 10 volumes of I 0 mM Tris (pH 8.0). All
bound protein was then eluted from the column using 50 mM glycine (pH 3.0). The
eluate was collected in tubes containing 100 J..!l of 1 M Tris (pH 8.0) to neutralize the acid.
The affi-gel A column were re-equilibrated with 1 M Tris and the flow through,
containing the unbound protein from the 100 mM Tris washing step, was repassaged over
the column. The eluted samples were pooled, dialyzed against PBS and concentrated to
the original serum volume (1.0 ml) by reverse dialysis against polyethylene glycol 20,000.
Protein concentrations of the eluted samples were determined using BCA method. The
purified mAbs were stored at - 20

oc in 50% glycerol (Sigma) at a concentration of 1

mg/mL.
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RESULTS

Section 1 The Association between Affinity and Redox Structure within Individual
Antisera
A selective immunoadsorption method was employed to isolate high affinity
antibodies from individual antisera. These antibodies were then compared both in affinity
and redox structure to the remaining, low affinity antibodies as well as the original,
unfractionated serum. This competitive adsorption technique was previously employed
by Haili Zhang (1999) in Dr. Kaattari' s laboratory and verified that the technique was
capable of fractionating antibodies ofvarying affinities from a single serum.

1.1. The Use of Selective Immunoadsorption to Determine the Relationship between

Antibody Redox Structure and Affinity
In order to examine the relationship between antibody affinity and the degree of
disulfide polymerization (redox structure), a competitive immunoadsorption method was
employed to isolate the highest affinity antibodies from an immune serum. This was
achieved by incubating a saturating amount of antiserum over a limiting amount of
immunoadsorbent (TNP 1-BSA sepharose beads). Theoretically, the highest affinity
antibodies should outcompete lower affinity antibodies for the limiting, monovalent
epitope. The non-adherent effluent (containing the residual low affinity antibodies) was
then absorbed using an excess ofTNP 13-BSA (multivalent) conjugated bead matrix. This
procedure required the pre-determination of the antibody absorbing capacity of the
immunosorbent beads (Appendix E) to be employed with an aliquot of antiserum
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containing 10,000,000 units of antibody activity. Thus, the capacity ofthe beads used was
determined to be 2,500,000 units, insuring a 3 - 4 fold excess of antibody activity would
be applied to the beads. Figure 14 illustrates the differential adsorption procedure
together with the data from a selected experiment. It can be seen that the TNP 1-BSA
adsorbent selectively retained all ofthe highest antibody affinity subpopulations (aK
range= 6.0-6.4), as no antibodies with an affinity over 6.0 were selected in the TNPI3BSA absorbed fraction. The overall average aK ( aK) of this fraction was 5.61± 0.06.
Conversely, the unbound antibodies from TNP 1-BSA, retrieved using an excess of
TNP 13 -BSA, possessed a lower average affinity ( aK = 4. 78 ± 0.12) and contained all the
remaining lower affinity subpopulations, some of which (aK < 4.4) could not be found in
the TNP 1 absorbed fraction.
Densitometric analysis of the fractionated antibodies by non-reducing CAGE (Fig.
15) revealed that the highest affinity antibody (adsorbed by TNP 1-BSA beads) (Fig. 15,
lane A) possessed more highly cross-linked forms (tetramers = 53.2 ± 1.7% oftotal
antibodies) and less unlinked monomeric subunits (9.7 ± 1.0% of total antibodies).
Therefore, the highest affinity antibodies possess the highest level of disulfide
polymerization (DSB coefficient= 2.50 ± 0.16; Fig. 14 and 15, lane A). Consequently,
the residual antibodies (completely adsorbed by TNP 13-BSA beads) possessed not only a
lower average affinity (aK = 4.78 ± 0.12), but also a lower degree of disulfide
polymerization with less fully cross-linked tetramers (36.2 ± 2.4% of total antibodies)
and more unlinked monomeric subunits (15.5 ± 0.9% oftotal antibodies) (DSB
coefficient= 2.07 ± 0.13; Fig. 14 and15, lane C).
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Figure 14. Affinity fractionation of trout serum antibodies. Limiting amounts of

TNP 1-BSA immunosorbent beads were employed to extract the high affinity antibodies
ofanti-TNP sera collected from TNP-KLH immunized fish. The unbound serum antibody
from the TNP 1-BSA immunosorbent was then retrieved using an excess ofTNP13-BSA
beads. The affinity measurements of serum or purified antibody were determined by
affinity partitioning assay (Appendix B). Values for the aKs (average affinity) and DSB
coefficients (the average number of intermonomeric disulfide bonds per tetramer) are
represented as mean ± standard deviation of three experiments. The histogram plots
reveal that relative distribution of affinity subpopulations within unfractionated, highaffinity-selected, and low-affinity selected antibodies. Error bars on the histograms
represent one standard deviation of three experiments.
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Figure 15. Redox structural profiles of affinity-purified antibodies. The relative ratio

of antibody redox forms within each fraction (Fig. 14) was determined by densitometric
analysis of SDS-CAGE-resolved, disulfide-polymerized components: Depicted (left) is a
densitometric scan of an immunoblot used for densitometric analysis, and (right) the
relative percent protein of the total antibody within each component. Molecular weights
are in kilodaltons (kDa). (A) High affinity TNP 1-absorbed antibodies, (B) Nonfractionated, immunoadsorbed antibodies, and (C) TNP 13 - absorbed, TNP 1 flow-through
antibodies. Data are from one of four individuals (Fig.14). Error bars on the histograms
represent one standard deviation of three experiments.
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Generally, for all four analyzed sera, the data uniformly indicated that the higher the
affinity, the greater the degree of disulfide polymerization (Fig. 16; Appendix F,
Supplementary Table 1). It is of interest to note that although there is always a direct
correlation between the DSB coefficient and affinity; however, the precise value of the
DSB coefficient does not correlate with a specific aK value (Fig. 16).

Section 2 Relationship between Inter-monomeric Disulfide Polymerization and
Affinity Maturation
As recent studies in rainbow trout had demonstrated that affinity maturation occurs
during the trout antibody response (Kaattari et al., 2002; Cain et al., 2002), and as the
studies in Section 1 also demonstrated affinity-associated redox structural differences, it
was hypothesized that an increase in DSB polymerization of the induced antibodies
should occur over-time post immunization.

2.1. Association of Antibody Redox Structure and Affinity in the Process of Affinity
Maturation
In these particular studies, affinity maturation in TNP-KLH immunized trout was
confirmed by Affinity ELISA by analyzing responses at week 0 and 5, 10, 15, 20, 27
post-immunization (Fig. 17). It can be seen that, typically, antibody titers begin to
increase from a detectable response at week 5, to a maximal antibody titer at between
weeks 15-20, whereupon the titers begin to decrease slowly (Fig. 17a, c). The affinity of
the antibodies also increases between week 5 and week 20 (Fig. 17b). However the
average affinity, the maximum affinity achieved by week 20, maintained even through
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Figure 16. Relationship between affinity and disulfide binding among individual
trout. The affinity-fractionated and unfractionated antibodies from four individual sera
were generated by the use of a competitive immunopurification method and the average
affinity values (a) and DSB coefficients (b) for each are depicted. Values for the average
affinity are expressed as aKs. DSB coefficients represent the average number of
intermonomeric disulfide bonds per tetramer. The relationship between DSB coefficients
and their aKs is depicted (c). Error bars represent one standard deviation of four
experiments. Possessing similar DSB coefficients yet have different affinities (i.e.Point A
(TNP 1-BSA adsorbed antibodies of serum 1) vs. point B (TNPu-BSA adsorbed
antibodies of serum 4)), or possessing equivalent affinities yet possess fairly different
DSB coefficients (i.e. point C (initial composite antibodies of serum 1) vs. point D
(TNP 1-BSA adsorbed antibodies of serum 4)).
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Figure 17. Antibody titers and affinities induced to TNP-KLH. Comparison of
antibody titers (a), weighted average affinities (b) from each ofnine trout immunized
intraperitoneally with TNP-KLH emulsified in FCA. Each fish was bled preimmunization (week 0) and periodically over the ensuing 27 weeks (week 5, 10, 15, 20
and 27). Mean of titers and average affinities for the entire population of 9 fish are
depicted together (c). Error bars represent standard deviations. The measurement of
antibody titers and affinities of was determined by the qELISA and Affinity ELISA.
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the antibody titer begins to decrease. In general, the highest antibody concentration was
observed between week 15 and week 20; however, average affllnity progressively
increased until week 20, or week 27 (Fig. 17c).
Aliquots of each individual serum sample (a total 5 of 9 individuals) were
immunoadsorbed to extract all anti-TNP antibodies, then the structure ofthe adsorbed
antibody was analyzed by non-reducing SDS-CAGE. The redox structure and DSB
coefficient were compared to the aK values for these samples (Fig. 18-19; Appendix F,
Supplementary Table 2). These data demonstrate that disulfide polymerization (DSB
coefficient) of the antibody molecules increased during the proeess of affinity maturation.
Thus, this independent observation also confirms the direct association of DSB
polymerization with affinity.
Once again, it is evident that although there is always a direct relationship between
affinity and DSB coefficient wtjom each individual, there is considerable variability in
how these two parameters are correlated between individuals (Fig. 19).

Section 3 In Vitro Induction of High Affinity Antibodies and the Impact on Redox
Structure
Although the studies presented, thus far, have not definitely demonstrated that
affinity determines the degree of polymerization, there is a definite correlation between
affinity and disulfide polymerization. The question arises, therefore, as to whether the
affinity of B cell receptor (BCR) interaction with antigen was responsible for the
subsequent degree of DSB polymerization. To test this possibility, the effect of selective
induction of high affinity antibody responses was examined. Peripheral blood leukocytes
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Figure 18. Relationship between affinity and disulfide polymerization during
affinity maturation. Trout were bled prior to immunization (week 0) and periodically
weeks (week 5, 10, 15, 20 and 27) after intraperitoneal immunization with TNP-KLH
emulsified in FCA. Densitometric scans of redox profiles of immunopurified antibodies
(a) from a representative trout (fish 3, Fig. 17) during this period are depicted. The DSB
coefficients (the average number ofintermonomeric disulfide bonds per tetramer) were
determined from this scan and plotted together with the average affinities from each time
point (b). Error bars represent standard deviation. Molecular weights are in kilodaltons
(kDa).
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Figure 19. Relationship between disulfide polymerization and affinity maturation. (a)

Comparison of DSB coefficients (the average number of intermonomeric disulfide bonds
per tetramer) and average affinities ( aK) for 5 individual fish. Each point represents a
distinct time post-immunization, those to the left were generally earlier than those at the
right. (b) Pooled data from five fish. Insert contains r2 values for each serum analysis (a)
and for the pooled data analysis (b).
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from an immune fish were incubated with graded doses of the antigen (1NP-LPS) from
an immune fish. The latter was required for the production of sufficient antibodies for
analysis from all antigen doses. Based on the theory of antigen-driven selection, it was
expected that lesser amounts of antigen, although inducing fewer antibodies, would
preferentially elicit higher affinity antibodies, whereas, higher doses of antigen should
produce a mixture of low and high affinity antibodies. This was confirmed upon in vitro
culture (Fig. 20). Thus, if only high affinity interaction induces high levels of DSB
polymerization there should be a direct relationship between these two parameters.

3.1. Stimulatory Concentrations of TNP-LPS Inhibit Supernatant Anti-TNP
Antibodies
In conducting these studies, the possibility arose that the inducing antigen itself
might impact the ability to accurately assess both antibody titer and affinity estimations,
by reacting with the secreted antibody. To examine this possibility, supernatants from cell
cultures of 1NP-LPS immunized fish were harvested after 7 days, and spiked with serial
dilutions of exogenous 1NP-LPS in concentrations from 0.001

~1g/ml

to 100 ).lg/ml,

comparable to those employed for the in vitro cultures. It can be seen (Fig. 21) that the
anti-1NP antibodies are noticeably inhibited with the concentrations of exogenous 1NPLPS that are routinely used to induce anti-1NP antibodies (0.1 - 10.0 ).lg of 1NP-LPS I
ml of culture). Further, this inhibition is selective in that the high affinity antibodies are
preferentially inhibited (Fig. 22).
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Figure 20. Antibody titers and average affinities from an in vitro dose response to

TNP-LPS. The titers are plotted together with the average affinities from a
prepresentative experiment out of three, as determined by Affinity ELISA. A control
group of in vitro dose response to antigen (TNP-LPS), compared to the pulsed group (Fig.
24). Error bars represent standard deviations.
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Figure 21. Effect of exogenous antigen (TNP-LPS) on in vitro generated anti-TNP
antibodies. A pooled supernatant from TNP-LPS stimulated peripheral blood
lymphocyte cultures was aliquoted and the aliquots were incubated with graded doses of
TNP-LPS (0.001 to 100 J.lg/ml). The open circle represents the titer of the uninhibited
supernatant. Anti-TNP activity was determined via a qELISA. Error bars represent
standard deviations.
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Figure 22. Effect of exogenous antigen (TNP-LPS) on affinity assessments of in vitro
generated anti-TNP antibodies. Aliquots from the pooled supernatants from TNP-LPS
dose response cultures were assessed to the percentage of total antibody that exhibited
affinities one the abscissa (a). The average affinities (b) ofthe supernatant antibodies
from cultures necessary TNP-LPS doses were then plotted vs. the dose of exogenous
antigen. Error bars represent standard deviation.
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3.2. Estimation of TNP-LPS in Supernatant by an Inhibition ELISA (Appendix H)
The above results (depicted in Fig. 21 and 22) demonstrated the need to remove
antigen after initial stimulation and prior to antibody production. However, the option to
perform the induction studies using antigen pulses required demonstration of two
requisites: 1) pulsed cultures must be washed sufficiently to reduce antigen concentration
below the neutralization concentration; and 2) that a pulse will induce an antibody
response.
To assess residual TNP-LPS concentrations upon washing, an inhibition ELISA was
employed (Appendix H). The number of washes required to reduce exogenous antigen
below 0.01 Jlglml was determined by this ELISA (Fig. 23). It can be seen that four
washes even decreased the highest TNP-LPS concentration used in this study (10.0 Jlglml)
decreased to a concentration which is lower than 0.01 llg/ml (Filg. 23).

3.3. Comparison of Antibody Titer and Affinity of Pulsed and Control Groups
To demonstrate the efficiency of pulsing, lymphocytic cultures were pulsed with
graded doses of antigen for three days then the cultures were washed four times. Control
groups underwent an identical treatment except that, post washing, they were redosed
with the original antigen concentrations.
Both pulsed and control cultures exhibited high affinities at lower doses, while the
pulsed average affinities are higher than those attained at the continuously present
(control) high dose (Fig. 20; 24 ). Although the neutralizing concentrations of anitgen
were removed by pulsing, the data (Fig. 25) demonstrate that, high concentrations of
antigen result in a elective decrease of the percentage of high affinity subpopulations
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Figure 23. Estimation of TNP-LPS concentrations in pulsed and washed culture
supernatants. Serial dilutions of a standard TNP-LPS solution (- t:,.-) and culture
supernatants from various initial TNP-LPS concentrations were analyzed using the
inhibition ELISA (described in Appendix H). The lower abscissa provides the
concentration of TNP-LPS in each culture as determined by the standard. The remaining
curves depict the effect of each wash on each of the initial TNP-LPS concentrations.
Error bars represent standard deviations.

102

120

100

80

.... ......
0

c

·0
.t::
..0

.c
.5
0

.......

~

rrt

\
\

\

00

\

Q

40

~··~

~

~

20

\,fii

I

•

Group 1 ug/ml
Group 10 ug/ml
Group 50 ug/ml
TNP-LPS standard
TCM control

··0

----

--.......---

-"-A-···

l ""

0

. t:i·· .G ·~

•

-20
0

4

2

8

6

Wash times
0.001

0-01

100

(U

Exogemms TNP -LPS

(~ 1rnl)

103

Figure 24. Antibody titers and affinities from pulsed

culturt~s.

The titers are plotted

together with the average affinities from a prepresentative experiment out of three, as
determined by Affinity ELISA. This pulsed culture is using the same cell source as in the
control group (Fig. 20). Error bars represent standard deviations.
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Figure 25. Affinity distribution profiles of pulsed and non-pulsed (control) cultures.

Each histogram depicts the average percent of the total response possessing the aK
displayed on the abscissa. Each plot contrasts the percent response between pulsed and
control cultures at each of four antigen doses. Error bars represent standard deviations.
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which could be induced at lower concentrations, indicating a possible suppression of high
affinity B cells by these antigen concentrations.

3.4. Association of Affinity with the Degree of Disulfide Polymerization among In
Vitro Induced Antibodies
Examination of the redox structure of these antibodies also revealed that these high
affinity antibodies possessed a high degree of disulfide polymerization (DSB coefficient).
Therefore, a direct relationship between affinity and the degree of polymerization was
observed (Fig. 26-27; Appendix F, Supplementary Table 3).

Section 4 Effect of Redox Structure on Antibody Half-life
The in vitro antigen dose response data demonstrated that high affinity B cell
induction by low dose antigen resulted in greater DSB polymerization. Further, the
affinity maturation study also demonstrates the association of increased affinity with
increased polymerization. One question that arises is whether this relative difference in
structure results in functionality differences of the variably crosslinked antibodies. One
possibility could be that variation in polymerization may affect retention of antibodies in
the circulation (antibody half life). For example, the greater the degree of disulfide
polymerization may result in the longer the antibody half-life may be in vivo, which may,
then, enhance the process of affinity maturation. To test this possibility, anti-TNP
antibodies were immunopurified from donor trout and passively transferred to nai"ve
recipients. The structure and affinity of the transferred antibodies were then examined at
various points post transfer to address this hypothesis.
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Figure 26. Relationship between average affinities and interchain DSB coefficients
using pulsed in vitro cultures. Redox profiles are depicted for a single representative
individual. (a) Equivalent amounts of antibody from each antigen pulsed culture were
analyzed for redox structure using quantitative densitometry, the calculated DSB
coefficient (the average number of intermonomeric disulfide bonds per tetramer) for each
lane is provided above the corresponding lane. Error bars represent standard deviations.
(b) the average affinity aK of the antibodies from each culture was plotted together with
its corresponding DSB coefficient. Molecular weights are in kilodaltons (kDa).
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Figure 27. Unique, but direct association of affinity with the degree of disulfide
polymerization among in vitro induced antibodies from individual fish. (a)
Comparison of DSB coefficients (the average number of intermonomeric disulfide bonds
per tetramer) and average affinities ( aKs) for cultures from three different individuals
demonstrating that antibody affinity parallels the degree of disulfide polymerization
(DSB coefficient). (Individuals are distinguished by distinct lim~s). Their distinctly
different curves observed indicate that the individuality of the response from each set of
cells. Generally the points to the left are from antibodies induced by high doses of antigen,
whereas those of the right are from low doses (b) Pooled data from all four cultures.
Insert contains r2 values for each experiment (a) and for the poolled data (b).
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4.1. Assessment of Purified Anti-TNP Stability In Vitro
As the purpose of the following experiments was to determine if there were any
active processes in vivo which would lead to recognition and differential removal of
specific redox forms over others, it was necessary to determine if there was any intrinsic
instability of these forms. Thus, prior to transferring purified antibody into naive receipts,
the in vitro stability ofthese antibodies was determined. Three temperatures (4, 12 and 18
°C) were employed in this study as the antibodies were exposed to these temperatures at
different stages of preparation and transfer (i.e. fish were maintained at 12 °C , antibody
purification was conducted at 4 °C, and in vitro antibody induction at 18 °C). Aliquots of
purified, filter-sterilized anti-TNP antibodies were held at 4, 12 and 18

oc in sterile 0.5

ml tubes, and aliquots sampled at various point during the ensuing 20 days of incubation
(Day 1, 2, 3, 4, 5, 6, 7, 10, 15 and 20). Assessment of antibodies titers (Fig. 28a) and
redox structure (Fig. 28b) revealed no significant alterations in antibody activity or
structure during the 20 days at three different temperatures.

4.2. In Vivo Assessement of Anti-TNP Half-life (Modulation of Affinity and Redox
Forms)
Original studies on the effect of redox structure on antibody half-life were
performed by Dr. Erin Bromage, this work is presented here to provide a contextual
analysis for the half-life studies conducted for this dissertation. Anti-TNP antibodies were
immunopurified from donor trout and passively transferred to naive recipients. At
regular intervals (daily from DO to D8), sera were retrieved by immunoadsorption. The
TNP-specific antibodies' redox structure and affinity of were determined. The average
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Figure 28. Effect of prolonged in vitro incubation on antibody titer and redox
structure. Immunopurified, filter-sterilized anti-TNP antibodies were incubated at 4, 12
and 18 °C. One hundred Jll aliquots (5,000 units/ml) were colleted at various points over
the ensuing 20 days (Day 1, 2, 3, 4, 5, 6, 7, 10, 15 and 20), and stored at -20 °C until
analysis could be performed on all samples simultaneously. Below (a) the antibody
activity of the aliquots, which were determined by standard qELISA are depicted. Error
bars represent standard deviations of three measurements. (b) Redox profiles were
ascertained by densitometric analysis of CAGE. Molecular weights are in kilodaltons
(kDa).
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half-life (T 112) of trout total antibody in vivo was determined to be approximately 1.8 days
(Fig. 29a). Redox profiles reveal an increase of the degree ofDSB polymerization, with
the increase of completely cross-linked tetramers and the decrease of unlinked monomers
(Fig. 29b). This increase of the disulfide polymerization of trout antibody in vivo is most
easily observed in the densitometric shifts between 800 and 200 kDa (Fig. 30). The first
and second T 112s of 200 kDa is 1.0 and 2.0 days; however, those of 800 kDa is 2.3 and 6.0
days, respectively. This indicates that increasing polymerization results in longer halflives. An increase shift of the average affinity together with a proportionate skewing to
the more heavily crosslinked forms over time, suggests the mechanism for the selective
loss of lower affinity subpopulations (Fig. 31 ).

4.3. In Vivo Assessment of Non-immune, Whole lg Half-life (Modulation of Redox
Forms)
As the work of Dr. Bromage indicated a direct association of greater polymerization
with prolonged half-life, it was deemed essential to determine whether this relationship
holds for all immunoglobulin (i.e. not simply antibody). Thus, whole immunoglobulin
from naive fish was purified via gel filtration and transferred to naive fish to determine if
a comparable difference in half-life could be observed between redox forms. However, in
order to distinguish transferred Ig from endogenous Ig, it was also necessary to label the
transferred Ig, and deteremine if labeling had any effect on half-life.
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Figure 29. Antibody half-life analysis (Data produced by Dr. E. Bromage ).
Immunopurified anti-TNP antibodies were transferred to naYve trout and 100 111 serum
aliquots from the recipients were examined daily post transfer. Data depicted is from one
of three comparable studies. (a) The total antibody protein (O.D. from a densitometric
scan) procured from 100 Jll serum is plotted. Each histogram divided into portions
reflecting the relative contribution of each polymerized constituent of the anti-TNP
antibody protein. (b) Data from (a) replotted with each redox form represented as a
percent of the total antibody retrieved on each day. Molecular weights are in kilodaltons
(kDa).
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Figure 30. Half-life of anti-TNP antibodies (Data produced by Dr. E. Bromage ).

Average of three separate half-life studies of anti-TNP antibody transfer is depicted.
Three different, naive trout received (1 00,000 units) via intracardial injection, followed
by daily bleedings to monitor the residence time of the antibody and its constituent redox
forms. The first and second T 112s are 1.0 and 2.0 days, and 2.3 and 6.0 days, respectively
for 200 and 800 kDa subunits. Error bars represent standard deviations. Molecular
weights are in kilodaltons (kDa).
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Figure 31. Shifts in antibody affinity profiles in vivo (Data produced by Dr. E.

Bromage). The histograms represent the affinity distributions by Affinity ELISA of an
individual serum examined at day 0 and day 8 post-transfer of specific anti-TNP
antibodies to a naYve recipient. The weighted average affinity at day 0 and day 8 are also
provided (inset).
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4.3.1. Effect of Biotinylation on Immunoglobulin Half-life
One simple, efficient way to label immunoglobulin is via biotinylation. It has been
reported that biotin can be conjugated to many proteins without altering their biological
activities, and has been employed in previous studies (Frickel et al., 2002; Gimferrer et
al., 2003). However, this required verification for these particular studies. In order to test
the hypothesis that biotinylation does not alter immunoglobulin half life, immunopurified
anti-TNP antibodies (with or,without biotin label) were passively transferred to naive
recipients, and aliquots of the sera examined daily post transfer and compared for
possible differences. It can be seen that the half-life of antibody anti-TNP activity is
similar to that ofbiotinylated total protein Ig (Fig. 32).

4.3.2. Half-life of Biotinylated Whole Immunoglobulin In Vivo
Biotinylated, S-300 size-purified (800 kDa), non-immune whole lgs were passively
transferred to naive recipients via cardiac injection. Sera were collected at shorter time
intervals than for the previous half-life studies(pre-test at 0 hour, and 4, 12, 24, 38, 52, 78,
108 hours) to increase the accuracy of the half-life estimation. Antibodies retrieved from
the sera were purified and redox profiles ofbiotinlylated and non-biotinylated Ig were
determined. Although the half-life of trout whole Ig appears shorter (approximately 9.5
hours) than that of purified anti-TNP antibodies (Fig. 33), the redox profiles, again, reveal
a relative increase in relative proportion of highly cross-linked lg occurs post-transfer, as
observed with anti- TNP antibodies (Fig. 33, 34).
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Figure 32. Effect of the biotinylation on antibody half-life. Immunopurified and
biotinylated, and non-biotinylated anti-TNP antibodies from a single source were
transferred to naYve trout and aliquots of sera from the recipients were examined daily for
6 days post transfer. Data represents the average of three independent experiments.
Depicted is the percent biotinlated antibody (determined by the biotin ELISA) and the
percent antibody activity (non-biotinylated) is retrieved at various days post-transfer. The
dotted lines depict the positions of the first and second half-lives. Error bars represented
standard deviation of three independent studies.
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Figure 33. Half-life analysis of non-immune whole Ig. Purified, biotinylated naive trout
whole Igs (200

~g)

were transferred to naive trout and 100 ~I aliquots from the recipients

and the% of the original total biotinylated protein at 0, 4, 12, 24, 36, 56, 78 and 108
hours post transfer was determined (a). Also depicted is the relative% of each original
protein form detected on CAGE gels using AlexaFluor 680 streptavidin staining (b). The
dotted lines depict the positions of the first half-lives. Error bars represent standard
deviations of three independent studies. Molecular weights are in kilodaltons (kDa).
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Figure 34. Half-life of non-immune whole Ig redox forms. Purified, biotinylated naive

trout whole Igs were transferred to naive trout and aliquots from the recipients were
examined at 0, 4, 12, 24, 36, 56, 78 and 108 hours post transfer. (a) Decay curves for
completely cross-linked tetramer (800 kDa) and unlinked monomers (200 kDa in CAGE)
using% of original biotinylated signal The dotted lines depict the positions of the first
and second half-lives. Redox profiles (b) were revealed by staining CAGE with
AlexaFluor 680 streptavidin. The intensity of samples collected at 52, 78 and 108 hours
on CAGE was increased for ease of detection (located at the right side of the original
CAGE). Data represents the average of three independent experiments. Error bars
represent the standard deviation of these three experiments. Molecular weights are in
kilodaltons (kDa).
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Section 5 Effect of Polymerization on Antibody Affinity (Trout and Murine Studies)
The above studies demonstrated that the relationship of antibody affinity with a high
degree of disulfide polymerization were likely occurring via two mechanisms: one
through possible induction by high affinity interactions with the BCR on B cell
membrane; and the other through selective removal of low affinity antibodies and I or
selective retention of high affinity antibodies in vivo, accentuating the process of affinity
maturation.
An altenative concept; however, was addressed; that of affinity modulation via the
polymerization process. This concept arose based on recent observations that the affinity
of the antibody binding site can be affected by alterations to the Fe (Torres and
Casadevall, 2008; Torres et al., 2007; Cooper et al., 1994; Pritsch et al., 2000). Thus,
differences in disulfide polymerization could be a channel through which binding site
affinity could be altered or diversified. In order to address this possibility, it was
necessary to examine common antibody pools, which differed only by the degree of
polymerization. This was accomplished or attempted via two different routines: 1)
Comparison of trout intracellular and secreted antibody affinity and structure, and 2)
Effect of in vitro culture under reductive conditions on antibody structure and affinity
(trout vs. murine).

5.1. Comparison of Intracellular vs. Secreted Antibody Affinity and Structure
Anti-TNP antibodies produced during culture of leukocytes from PBL and AK
sources were examined, and structural profiles of purified anti-TNP antibodies from both
celllysates and their respective supernatants were determined via denaturing, non-
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reducing CAGE. As can be seen from Fig. 35, redox profiles reveal that lysates possess a
dominant low molecular weight molecules (monomeric, 200 kDa), while the supernatants
possess the typical redox heterogeneity observed in serum (Fig . 35), which was similar to
the previous observation made by Kaattari et al. (1999; Fig. 13).
Incubation of these antibody samples with DSP, a bifunctional crosslinking reagent,
was used to ascertain the potential non-covalent structure of the putative parent molecules.
Thus, all non-covalently associated molecules will become covalently linked which can
be visualized as such under denaturing, non-reducing electrophoresis (Fig. 35). This DSP
treatment demonstrated that the supernatant antibodies are tetrameric, while the dominant
intracellular Igs may be monomeric as they don't shift to a fully cross-linked tetramer
upon DSP treatment. This fact necessitated resolution of the native Ig size by gel
filtration. Thus, the native sizes of the intracellular Igs and secreted antibodies were
resolved by an S-300 sephacryl column fractionation. The antibody activities of the
column fractions were determined by standard ELISA (Fig. 36) . The molecular weight of
supernatant as well as the intracellular antibodies was confirmed to be tetrameric; (Fig.
36); however, the intracelluar tetramers appeared to be slightly larger than the secreted
Igs.
Affinity ELISA reveals comparable heterogeneity in the affinity profiles of the
intracellular Igs and secreted antibodies from PBL and AK, except in the case of one AK
preparation (Fig. 37). Examination of the affinity profiles of the intracellular lgs and
supernatant antibodies from all PBL and one AK preparation shows there are no
significant differences, and both possess profiles that are typical of serum lg possessing a
wide range of affinities (Fig. 37a). However, the affinity profiles from AK can, at times,
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Figure 35. Structure of secreted and intracellular antibodies in vitro. Structure of

purified supernatant (secreted) and lysate (intracellular) antibodies from PBL and AK
leukocyte cultures with or without DSP (0.01 mM) treatment were analyzed using SDSCAGE densitometry. Molecular weights are in kilodaltons (kDa).
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Figure 36. Isolation of secreted and intracellular antibodies using gel filtration. A
volume of 0.1 ml of immunopurified trout anti-TNP intracellular (lysate) antibodies and
secreted (sup) antibodies from (a) PBL or (b) AK was applied to the Sephacryl S-300
column (25 em x 1 em) and fractions (0.5ml I fraction) collected. Anti-TNP activity of
fractions from PBL (a) and AK (b) was determined by qELISA. Molecular weight
standards are in kilodaltons (kDa): thyroglobulin (669 kDa), apoferritin (400 kDa),

P-

amylase (200 kDa) and bovine serum albumin (66 kDa).
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Figure 37. Comparison of secreted and intracellular antibody affinity profiles.

Supernatants of(a, b) PBL and (c, d) AK leukocytes were harvested, and affinity profiles
of secreted (sup) antibodies and intracellular (lysates) antibodies were determined by
Affinity ELISA.
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appear unique to those from PBL. Affinity profiles of secreted Abs of AK are also a
typical serum Ig like profile; but the same analysis from one of the intracellular Igs,
which was from the same cell source, reveals a very different and restricted affinity
profile (Fig. 37c).

5.2. Effect of Reduction via 2-Mercaptoethanol on Antibody Affinity and Structure
5.2.1. In Vitro Culture of Murine Hybridomas under Reductive Conditions

Prior to the examination of the behavior of monoclonal IgM anti-TNP produced in
vitro under reductive conditions, it was necessary to determine whether of the length of in
vitro culture has an impact on the mAb's affinity profiles (i.e. whether the affinity of
early secreted antibodies differs from those induced later). Anti--TNP mAb IgM
hybridomas were cultured with different time (4, 24 and 72 hours) and antibody titer and
affinity profiles were determined by ELISA methods. As can be seen from Fig. 38a, the
concentration of mAb IgM increased over time; however, their affinity profiles remained
comparable over culture time (Fig. 38b).
Under normal conditions, monoclonal murine lgMs are decavalent pentamers that
are completely disulfide cross-linked (Fig. 39, lane F). The generation of redox
heterogeneity of mAb anti-TNP IgM was determined by culturing hybridomas in vitro
under reductive conditions (Fig. 39), as the previously reported (Alberini et. al., 1990).
Examination of the redox profiles reveals that the range of2-ME concentration between
50-400 f.!M results in the highest redox heterogeneity (Fig. 39, lanes C-E). Concentrations
higher than 400 f.!M actually decreased redox diversity due to the reduction to monomers
and ha1fmers (Fig. 39; lanes A, B).
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Figure 38. Effect of culture time on mAb IgM titers (a) and :affinity profiles (b). IgMproducing hybridomas were cultured in vitro. After 4, 24 and 72 hours culture,
supernatants were harvested and anti-TNP titers and affinities were determined by
qELISA and Affinity ELISA, respectively. Error bars represent standard deviations.
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Figure 39. Redox profiles of mAb generated under reductiv4~ conditions. IgMproducing hybridomas were cultured in vitro under reductive conditions with different
concentrations of2-ME. After 4 hours of culture (2-ME 0, and 50,200,400, 800, 1600
f-LM; lanes A-F), supernatants were harvested. Redox profiles of purified anti-TNP
antibodies were resolved by SDS-CAGE. Molecular weights are in kilodaltons (kDa).
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The low concentrations of 2-ME did not have an impact on antibody activity;
however, concentration greater than 800 J.!M did impair antibody activity (Fig. 40a).
Affinity profiles reveal that they all, regardless of their structural heterogeneity, possess
the same affinity distributions (Fig. 40b).

5.2.2. In Vitro Induction of Trout Lymphocytes under Reductive Conditions
Trout leukocytes from PBL and AK were cultured in vitro under reductive
conditions, and affinity profiles of anti-TNP antibodies and redox profiles of purified
anti-TNP antibodies were determined (Fig. 41-44). As can be seen from data in Fig.
41,43, antibodies produced in the presence of low concentrations of2-ME (5 and 50 J.!M)
have a much higher anti-TNP activity than those of culture at a high level of 2-ME (500
and 5000 J.!M). The decrease of antibody activities by high dose 2-ME reveals that high
doses hamper antibody activities. However, redox profiles of purified trout supernatant
antibodies are similar to each other when trout leukocyte culture in vitro incubation with
different concentrations of 2-ME (5, 50 and 500 J.!M), and share a similar affinity profile
(Fig. 42, 44).
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Figure 40. Effect of reductive in vitro culture conditions on the production of antiTNP monoclonal antibodies. IgM-producing hybridomas were cultured in vitro under
reductive conditions with different concentrations of2-ME (0, 50, 200, 400, 800 and
1600 11M). After 4 hours of culture, supernatants were harvested and anti-TNP titer (a)
and affinity (b) were determined by qELISA and Affinity ELISA, respectively. Error bars
represent standard deviations.
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Figure 41. PBL antibody titers and affinity profiles generated in vitro under
reductive conditions. Supernatants ofPBL leukocytes were stimulated with TNP-LPS
under reductive conditions (5, 50, 500 and 5000 f.LM of2-ME) and harvested. The antiTNP titers (a) and affinities (b) were determined (due to the reduction of antibody activity
by the 5.0 mM 2ME), there was insufficient activity to perform Affinity ELISA. AntiTNP antibodies produced at low dose of 2-ME have a higher activity than those at high
dose; however, they all share a similar affinity profile. Error bars represent standard
deviations.
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Figure 42. PBL antibody redox profiles generated in vitro under reductive
conditions. PBL leukocytes were induced by TNP-LPS in vitro under reductive
conditions (5, 50, 500 and 5000 llM of2-ME). Supernatants were harvested and redox
profiles of immunopurified anti-TNP antibodies were analyzed upon SDS-CAGE.
Molecular weights are in kilodaltons (kDa).
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Figure 43. Anti-TNP titer and affinity profiles of secreted antibodies of AK
leukocytes in vitro under reductive conditions. AK leukocytes were cultured in vitro

under reductive conditions (5, 50, 500 and 5000 ).lM of2-ME). Supernatants were
harvested and anti-TNP titer (a) and affinity (b) were determined by qELISA and Affinity
ELISA, respectively. Due to the reduction of antibody activity by the 5.0 mM 2ME, there
was insufficient activity to perform Affinity ELISA. Error bars represent standard
deviations.
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Figure 44. AK antibody redox profiles generated in vitro under reductive conditions.
AK leukocytes were cultured in vitro under reductive conditions (5, 50, 500 and 5000 1-1M
of2-ME). Supernatants were harvested and redox profiles of purified anti-TNP
antibodies were analyzed upon SDS-CAGE. Due to the reduction of antibody activity by
the 5.0 mM 2ME, there were insufficient antibodies to perform CAGE. Molecular
weights are in kilodaltons (kDa).
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DISCUSSION

Over the past 30 years a number of investigators have described a unique feature of
teleost IgM, that of structural heterogeneity confered by non-uniform disulfide
polymerization (Lobb and Clem, 1981a; Kobayashi et al., 1982:; Lobb and Clem, 1983;
Warr, 1983; Sanchez and Dominguez, 1991; Ledford et al., 1993; Rombout et al., 1993;
Kofod et al., 1994; Evans et al., 1998; Kaattari et al., 1998; 1999; Bromage et al., 2004).
This structural diversity is in distinct contrast to what is found in IgM of other species (i.e.
elasmobranchs, birds, reptiles, amphibians and mammals). Although this physical feature
is routinely observed in teleosts, a functional role for this diversity has not been
forthcoming. The goal of this research was to determine ifthere was a functional
relationship between antibody affinity and the degree of disulfide polymerization.
This relationship was demonstrated in three different and unique ways: 1) via
immunochemistry, using a differential immunoadsorption to separate low and high
affinity antibodies from individual antisera, followed by their structural analysis; 2) via
analysis of the process of affinity maturation within individual fish; and finally 3) via
induction of antibody production in vitro to induce high vs. mixed affinity antibodies
from a single leukocyte source. These approaches led to the final conclusion that the
affinity of BCR interaction with antigen leads to differential degrees of polymerization.
Further studies addressed the possible functional regulation of these differentially
polymerized, or redox, forms within the fish, resulting in distinct half-lives for the
different redox forms. Finally, the possibility that differential polymerization may, in tum,
lead to modulation of antibody affinity was addressed.
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Relationship between Antibody Affinity and the Degree of Disulfide Polymerization

Relationship between Antibody Redox Structure and Affinity within Antisera by
Selective Immunoadsorption
In order to the first determine if there is an association of affinity with specific redox
forms, a selective immunoadsorption technique was employed to isolate high affinity
antibodies from individual antisera. Upon successful separation ofhigh affinity from low
affinity antibodies, these separated antibodies could be examined to determine if they
possessed different redox structures. To accomplish this separation, limiting amounts of
low density conjugates (TNP 1-BSA beads) were exposed to saturating amounts (3-4 fold
excess) of serum antibodies. These high affinity antibodies were then isolated from the
TNP1 absorbent via hapten (TNP-lysine) elution. The remaining lower affinity
antibodies were procured from the flow-through by their adsorption over an excess
amount ofTNPu-BSA beads. Such an affinity-based separation was successfully
employed previously by H. Zhang (1999). This mode of separation is based on the
principle that high affinity antibodies should out-compete lower affinity antibodies in
binding to a limiting amount of antigen. This selective immunoadsorption should also
reflect the affinity, as opposed to avidity, due to the binding between antibody to TNP 1BSA which should occur monovalently (Waite and Change, 1988). The affinities ofthe
antibody subpopulations procured in this manner were determined by a procedure we
have termed the Affinity ELISA. The original form of this assay was developed for
murine sera (Nieto et al., 1984) and adapted to use for trout work (Shapiro et al., 1996,
see also Appendix B Affinity ELISA). This assay not only allows for the direct
determination of the antibody average affinity, but also the individual affinity
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subpopulation contributions to the overall binding capacity of an antiserum, resulting in
the ability to dissect the contribution of each affinity subpopulation over time during a
response.
The hypothesis that affinity is related to redox structure was confirmed by the results
ofthe selective immunoadsorption. In these experiments only~ 24% of the total antibody
exposed to the TNP 1-BSA beads was bound, thus selectively retrieving the highest
affinity antibodies from the serum samples (Fig. 14). These selected antibodies also
possessed higher order redox structures (more thoroughly disulfide cross-linked) than
observed in the residual lower affinity antibodies, which were then adsorbed by high
density conjugates (TNPn-BSA beads) (Fig. 15-16). Also, in line with these observations
was the fact that the original, unfractionated antibody pool (control group) possessed an
average affinity and degree of disulfide polymerization that was intermediate between the
antibodies selectively adsorbed by TNP 1-BSA and the residual antibodies adsorbed by
TNP13-BSA. It was also determined that the sum of affinity profiles and redox profiles of
selectively adsorbed antibodies and the residual antibodies was equal to those of original
antibody pool. Thus, these results suggest that there is a direct relationship between
antibody affinity and the degree of inter-monomeric disulfide polymerization (DSB
coefficient) in trout serum.
Although this association between redox structure and affinity is possible, the redox
structure, itself, may also be simply a reflection of some other, more primary, physical
difference, such as the presence of glycosylated residues, either transiently during
immunoglobulin synthesis, or more permanently post-secretion. Immunoglobulins are
glycoproteins in which glycosylation can play an important role in structure and function
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(Arnold, et al., 2007). For example, glycosylation may create a population of glycoforms,
lending a degree of structural diversity to the antibodies. Such glycosylation may also
occur with teleost IgM, resulting in the variation of disulfide polymerization, due to
inhibition of disulfide bond formation. Human 1-l chains, for example, possess three Nlinked glycosy lation sites, which can provide ligands for the mannan-binding lectin
(MBL) (Arnold et al., 2007), as well as influence the formation of disulfide bonds. At
least one of these sites (N563-V564-S566) is proximal to the murine C-terminal cysteine
(C575), which is essential to the polymerization of the IgM mol,ecule. A comparable
glycosylation site (N568- L569-S570) resides near the C terminal cysteine (C576) and is
thought to be involved in the disulfide polymerization of teleost IgM (Getahun et al.,
1999). Absence ofthis C-terminal glycosylation site has been reported to result in
increased IgM avidity (Bazin et al., 1992), polymerization of modified murine IgG
molecules (containing the 1-l tailpiece; Smith et al., 1995), as well as reduced half-lives
(Day et al., 1980; also see below). The functional parallel between disulfide
polymerization patterns, together with antigen-binding differences, and modulation of
antibody half-life suggest the possibility that redox forms may reflect dependence upon
C-terminal glycosylation at some point.

Relationship between Affinity Maturation and Redox Structure
As the results of differential immunoadsorption demonstrated a direct relationship
between high affinity and higher order redox structure, the possibility arose that
antibodies undergoing affinity maturation may also demonstrate a shift to higher order
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redox forms. To address this possibility, ten trout were immunized with TNP-KLH and
periodically analyzed, post-immunization for their affinity and redox structure.
All responsive individuals (9 of 10 immunized fish) demonstrated a gradual upward
shift in affinity (Fig. 17), as previously observed (Kaattari et al., 2002), which eventually
spanned an approximate 100 fold increase in average affinity (Fig. 8; Supplementary
Data, Appendix F Table 2). Redox profiles of the purified anti-TNP antibodies during this
period also demonstrated a parallel increase in higher order redox forms (Fig. 18, 19;
Supplementary Data, Appendix F, Table 2). This relationship once again, reaffirms the
direct relationship between affinity and redox structure, but also begins to suggest
possible biological roles.
Although affinity maturation of teleost IgM responses was, again, demonstrated here
it is important to emphasize that no isotype switching occurs in trout as in mammals (i.e.
from low affinity IgM to high affinity IgG (Stavnezer et al., 2008)). Further, teleost IgM
is the dominant antibody (>95%) in circulation (Bengten et al., 2006), even though
another two isotypes (IgD and IgT) have been recently discovered. The functions of
these latter isotypes are still unclear and will require further investigation (Wilson et al.,
1997; Hansen et al., 2005). However, the direct association between affinity and disulfide
structure, such that there is a shift from low affinity I low order redox forms to high
affinity I high order redox forms may be thought to be comparable to the shift from low
affinity IgM to high affinity IgG in mammals. The possibility may exist that high order
redox forms that are associated with high affinity antibodies could possess
immunological functions that are unique from those expressed by the lower order redox
forms. For example, the higher order antibodies appear to possess a longer half-life than
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those composed oflower order forms (see below). Such differences in half-life are
observed among mammalian isotypes with IgM possessing a relatively short half-life of
3-5 days, while IgG possesses one of 15-20 days (Kindt et al., 2007).
However, half-lives are only one such functional difference that is governed by
structural differences in the Fe. Fe receptors (FcRs) of various forms not only regulate the
half-life of isotypes in the circulation, but also are selectively expressed on specific
immune cells, leading to higher specific arming of various effeetor cells (V arki, 1993 ).
During the process of affinity maturation, the consistent, upward shift in DSB
coefficients (higher order structures) appears most dramatically associated with the
increase oftetramers and the decrease of monomers; however, the changes oftrimers and
dimers are less pronounced. Although some proportionate shift in trimers and dimers with
affinity might be expected, there are a couple of possibilities as why these two
intermediate forms are not commensurately impacted. First, an original study of the redox
assembly process (Evans et al., 1998) posed mathematical models to explain the accrual
of particular molar ratios of the monomer, dimer, trimer, and tetramer forms during the
process of immunoglobulin assembly. These models included a simple kinetic model
wherein DSB formation was assumed to be random and to proceed at a rather rapid and
unidirectional manner, as opposed to an equilibrium model which posed a state of
equilibrium between the various redox forms. The kinetic model suggested that, as a part
of the normal Poissonian production of forms over time, one should expect a phase
wherein the concentration of of tetramers would increase and monomers decrease in
rather precipitous manners as opposed to the concentrations of dimers and trimers, which
would remain rather invariant. This would be due to their intemtediate position in the
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overall production of fully linked tetramers from wholly unlinked monomers. Thus, for a
period of time, every fully linked tetramer that arises from the trimer or dimer pools will
be replaced by partial polymerization from the monomer pool. Thus, the only pools that
would be relatively constant would be these intermediately polymerized pools. In a
simplistic sense they are simply passing monomers from the wholly unlinked pool to the
fully linked pool and thus would not change in overall concentration as dramatically as
would the tetramer and monomer pools, which are continuously adding or losing
immunoglobulins. The precise relationship in the rate of DSB formation and transfer
between pools would be due to the rate of polymerization.
Secondly, it is possible, that since only secreted antibodies have been studied in this
context, that specialized mechanisms for removal of wholly unlinked tetramers and
retention of fully polymerized tetramers cannot act upon partially polymerized forms. For
example, such may be the case if there is a receptor which specifically binds wholly
unlinked tetramers that then are catabolized; while another receptor binds completely
polymerized tetramers for return to the circulation. Then, it is possible that the
intermediate forms would simply be subject to those mechanisms may act upon all forms
equivalently and indiscriminately. Thus the net effect would be to have a greater than
average loss of monomers, and a greater than average retention of tetramers.

Affinity Driven Selection and Redox Structure
The studies on differential immunoadsorption and affinity maturation led to the
consideration that high affinity BCR interaction with antigen might be responsible for the
association of antibody affinity with a greater degree of disulfide polymerization. This
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question could be most easily broached via the use of an in vitro culture system. Previous
studies (Shapiro et al., 1996) had demonstrated that, although low concentrations of
antigen induce lower amounts of antibody, these antibodies are of higher affinity.
Conversely, higher doses produce higher titers composed of both low and high affinity
antibodies (Eisen and Siskind, 1964 ). This is, in essence, the basis of antigen-driven,
clonal selection (Burnet, 1957). Employing this technique to selectively elicit antibodies
of varying affinity from the same source of lymphocytes, the n~dox structure of the
resultant antibodies could verify that high affinity interaction results in greater
polymerization.
Results ofthese experiments satisfactorily recapitulated the demonstration of
antigen-driven, clonal selection, with cells stimulated with a high dose (1 0 1-1g/ml)
producing large quantities of antibodies with a wide range of affinities, while those
stimulated with a low dose produced a low concentration of strictly high affinity
antibodies (Fig. 24). Further, these high affinity antibodies possessed a higher degree of
disulfide polymerization than those induced by high doses (Fig. 26, 27; Supplementary
Data, Appendix F, Table 3).
An initial caveat to these studies; however, was the fact that, as in vitro cultures call
for the presence of stimulating antigen throughout the entire culture period, this free
antigen could selectively bind and neutralize high affinity antibody subpopulations as
they were being produced. This could lead to a skewed pattern simulating antigen-driven
selection but, rather simply being a case of selective inhibition of high affinity antibodies
by antigen. Corroboration of this possibility was demonstrated by incubation of graded
doses of exogenous antigen with a standard amount of antigen-stimulated, culture
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supernatant (Fig. 21). Further, affinity analyses ofthese treated culture supernatants
indicated a disproportionate inhibition of the higher affinity antibodies, particularly by
the higher antigen concentration (Fig. 22). Thus, in order to accurately assess these titers
and affinity profiles, it was necessary to stimulate lymphocytes with pulsed antigen so
that no residual antigen would inhibit the secreted antibodies. This initially required
preparatory work to determine the extent of culture washes required to eliminate or
reduce residual antigen to levels that would not impact antibody binding activity. Fig. 21,
22 demonstrates that such residual concentrations should be no greater than 0.01 ug/ml.
Repeated washings of cultures pulsed with 50 to I J.tg/ml revealed a minimum of 4
washes were required to reduce the antigen concentration to this level (Fig. 23). Using the
pulse/wash protocol the antigen dose response was repeated and revealed a similar
relationship between antigen dose and affinity as was previously seen (Fig. 26b ).
Immunopurification of anti-TNP antibodies from these cultures followed by SDS-CAGE
analysis revealed a pattern of higher order redox forms with the higher affinity antibodies
induced by low antigen concentration (Fig. 26a, 27), and conversely lower order forms
with the lower average affinities were elicited by higher antigen doses. These results were
consistent with the hypotheses that the affinity of the BCR interaction with antigen results
in a differentiative signal that induces graded levels of disulfide bonding within the B
lymphocyte.
The BCR is the most pivotal receptor that triggers signals controling physiological
processes in B cells (Geisberger et al., 2003). The affinity of the interaction between the
BCR and antigen also plays important roles in the initiation of affinity maturation (Batista
and Neuberger, 1998), antigen presentation (Brooks and Knight, 2004), and the
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regulation ofB cell differentiation (Paus et al., 2006). For example, it is thought that, in
the mouse, an antigen/BCR affinity (Ka) of interaction above 106 M- 1 is necessary to
initiate processes associated with affinity maturation (Batista and Neuberger, 1998).
Further, the strength of the initial interaction between the BCR and antigen is a primary
determinant ofB cell differentiation into extrafollicular plasma cells or entrance into
germinal centers and engagement of somatic mutation and enhanced affinity maturation
(Paus et al., 2006). However, lower affinity interactions between antigen and the BCR
could result in higher levels of antigen presentation (Brooks and Knight, 2004 ). In light
of my current studies, it is tempting to consider that the affinity of the BCR interaction
may also regulate the degree of disulfide polymerization. According to the BCR
clustering model (Geisberger et al., 2003), receptor signaling is dependent upon the
clustering of two or more BCRs on the membrane. Thus, the higher the affinity of the
BCR for the antigen, the more prolonged the co-location of one or more BCRs on the cell
surface, and the higher the net signal strength. Therefore, signaling may not be so much
dependent on affinity as the residence time of the antigen engagement of the receptors.
Alternatively, perhaps the receptor-generated, DSB inducing signal would be dependent
on how many receptors simultaneously bind antigen, and, thus, it would be indirectly
dependent upon the affinity ofthe BCR interaction.
This signal transduction could lead to altered regulation of redox-modulating
proteins, such as thioredoxin (Trx) and protein disulfide isomerase (PDI) (Raina and
Missiakas, 1997; Nilsson et al., 2004). As it has been demonstrated that there is a
differentiation-associated, redox-regulation in human B cell maturation pathway, and Trx
and PDI are processed with higher expression levels in the late stage of plasma cells than
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is seen in plasmablasts (Nilsson et al., 2004). If plasma cells (the latest stage ofB cell
development) are producing high affinity antibodies during the late antibody response
(Bromage et al., 2004a) this could correlate with the highest degree of disulfide
polymerization.
Alternatively, this signal could be responsible for a differential glycosylation of the
antibody heavy chains during the antibody assembly process. Glycosylation has been
found to contribute up to 17 % of the molecular weight in some teleosts (Sanchez and
Dominguez, 1991 ). If the site of glycosylation is close to the C-terminal cysteine, it is
possible that such glycosylation could prevent disulfide bond formation.

The Individuality of the Redox I Affinity Relationship
Generally, in all three investigations (Sections 1- 3), a direct relationship between
antibody affinity and the degree of disulfide polymerization was demonstrated; however,
this relationship is not identical. An interesting observation, which has been made
repeatedly throughout these studies, is that the relationship between affinity and the DSB
coefficient is most direct for those antibodies derived from a single source.
In the study of selective immunoadsorption, it can be seen (Fig.16) that antibodies
from different trout serum sources can possess similar DSB coefficients yet have
different affinities (i.e. point A (TNP 1-BSA adsorbed antibodies of serum 1) vs. point B
(TNP u- BSA adsorbed antibodies of serum 4) ), or possess equivalent affinities yet
possess fairly different DSB coefficients (i.e. point C (initial composite antibodies of
serum 1) vs. point D (TNP 1- BSA adsorbed antibodies of serum 4) ). Similar results are
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also observed in the studies of affinity maturation (Fig. 19) and in vitro antigen-driven
selection (Fig. 27).
The most dramatic example of this can be seen in the affinity maturation study
which has a relativley large number of data points for each individual and, thus, one can
appreciate the rather tight correlation coefficients associated with significantly different
slopes. There are a number of possibilities as to why this might occur, for example, it
may be that transduction of the signal from the B cell receptor (BCR) interaction with
antigen and into a polymerization function may be different for each individual. Another
possibility is that different individuals may possess different immune histories thereby
resulting in different levels of residual redox forms. This, in turn, might impact the
relative efficiency of the mechanisms involved in differential redox removal (half-lives,
see below). Thus, the slight differences in individual antibody responses may lead to
variations in the relationship between specific antibody affinity and DSB polymerization.

Affinity-Determined Redox Forms Affect Antibody Half-life
It is possible that two operative mechanisms could come into play to produce this
association between redox structure and affinity. First, the in vitro culture studies suggest
that the affinity of the BCR I antigen interaction modulates the post translational
modification (disulfide polymerization) of the synthesized redox form of the antibody
and, secondly, it could be that lightly polymerized antibodies (low affinity) are
selectively removed and I or highly polymerized antibodies (high affinity) are selectively
retained in the circulation. This modulation of immunoglobuliln half-life would also have
the net effect of increasing the affinity of the serum antibody over time, thus accentuating
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the process of affinity maturation. This latter possibility was addressed through half-life
studies. These studies were first performed by Dr. Erin Bromage using purified anti-TNP
antibodies, which bore a range of affinities and redox forms. Anti-TNP antibodies were
transferred into naYve donor fish, sera periodically retrieved, and anti-TNP antibodies
examined to determine their residual affinity and redox profiles. This study revealed that
the fully crosslinked antibodies persisted longer in vivo (Fig. 29-31 ), than those
containing lower DSB ratios. Concomitantly with the loss of lower order redox forms is
the comparably rapid loss of the lower affinity antibodies. Thus, these studies reveal an
additional and unexpected mechanism to accentuate affinity maturation in teleosts.
Structural changes that are conferred upon immunoglobulins based on the affinity of
antigen binding to the BCR, thus, appear to facilitate affinity maturation by either
removing lower order redox forms at a faster rate and I or retaining I returning higher
order forms to the circulation. Thus, a physiological marker of high or low affinity is
provided at the point of antigen specific induction of the B cell and thereby enabling an
individual to selectively retain the highest affinity antibodies.
Given that the above studies focused solely on anti-TNP, immunopurified antibodies,
it was deemed necessary to determine if this half-life relationship was strictly related to
the redox structure and not impacted by possible artefactual complications due to the
process of immunopurification, hapten elution in selective immunoadsorption, and even
the process of antibody dialysis. Thus, the study was repeated using whole Ig from naYve
fish. In this case, immunoglobulin from naive fish was purified via gel filtration and
transferred to naYve fish. However, in order to distinguish transferred Ig from endogenous
Ig, it was necessary to label the transferred Ig. Necessarily, the labeling had to be

166

independently assessed for any possible effect on half-life. As the chosen method,
biotinylation, demonstrated no effect on half-life (Fig. 32) we proceeded with this method
of analysis. The transfer of normal, non-immune Ig demonstrated that, once again, there
was a relative increase in the relative proportion of higher order redox forms over time
post-transfer (Fig. 33, 34), as was observed with anti-TNP antibodies. Thus half-life
differences were strictly a function of redox structure and not related also to affinity.
At this point it might be postulated that the mechanism involved in a process of
selective Ig removal and/or retention would necessitate either n~cognition and retention of
extensively DSB polymerized Igs (Fcs), or preferential recognition and removal of non
DSB-polymerized Igs. Precedence for such recognition has not been found in the
literature, which although not precluding this unique possibility, suggests that the primary
physical difference between IgM redox structures may not be the degree of DSB
polymerization per se. These redox structures could simply be a consequence of another,
underlying, post-translational modification that is directly responsible for half-life
variability. Several studies have demonstrated that Fe glycosylation oflgG (Ghetie and
Ward, 1997), IgA (Basset et al., 1999) and IgE (Richards and Katz, 1990) has a
differential impact on serum half-life, due to the varied affinity of these isotypes for
specific to Fe receptors. For IgM, Baynes and Wold (1976) proposed that the rapid
removal of soluble IgM immune complexes from the circulation is due to the presence of
mannose oligosaccharides on IgM. Their data suggested that IgM half-life is extended
when the mannosyl residues are not available to the endogenous mannose recognition
system. This hypothesis was confirmed by Day et al. (1980) who suggested that the
exposure of high mannose oligosaccharides were caused by antigen-induced
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conformational changes, thus enabling the clearance of soluble immune complexes from
the circulation. This phenomenon may also occur with teleost lgM wherein high affinity
antibodies may be more extensively deglycosylated permitting greater polymerization.
Further, in murine lgM mutants, absence of the glycosylation site at N563 results in the
increase of antibody binding activity (Bazin et al., 1992). Thus, one testable hypothesis
would be that high affinity BCR interactions result in more extensive deglycosylation at
the N563 glycosylation site, enabling DSB polymerization. Upon secretion, these high
affinity antibodies would not be specifically targeted for removal by the mannosyl
recognition system. Therefore, experimental application of mannosidases might render
low order redox forms less susceptible to removal, resulting in equivalent half-lives
between high and low order redox forms.

The Effect of Polymerization on Antibody Affinity

Originally, one hypothesis posed to explain the possible need for redox diversity was
that it could serve as a means to broaden the rather restricted (Roman and Charlemagne,
1994; Brown et al., 2006) teleost antibody repertoire. This hypothesis was predicated on
1) the recent findings that some Fe structural changes have been found to modify binding
site affinity (Rev. by Torres and Casadevall, 2008) and 2) that n~dox profiles were
thought to be invariant in trout. The latter assumption was based on limited observations
that suggested constancy to redox profiles. Thus, if the profiles were constant, the
affinities, although broadened, would also remain constant. This latter conjecture was
proven untrue by the affinity maturation and in vitro induction studies; however, the
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possibility that Fe structural changes could impact binding site affinity remained an
option to be explored.
Affinity, the binding strength of antigen binding site with its cognate monovalent
epitope, has historically been considered to be dependent only upon the variable regions
in the antibody Fab, not the Fcs (Goldsby et al., 2000). However, recently, contributions
of constant heavy domains to antibody binding affinity and specificity have been
demonstrated by numerous studies (Rev. by Torres and Casadevall, 2008). For example,
antibodies, with identical variable domains, but different constant domains, exhibit
differences in equilibrium and kinetic constants (Cooper et al., 1994; Torres et al., 2007);
specificity differences have been demonstrated between antibodies with identical variable
regions, but different isotypes (Cooper et al., 1993; McCloskey et al., 1996; Michaelsen
et al., 2003); and conformational signaling mediated through the VwCHI domains has
been demonstrated to have an impact on antigen-binding affinity (Pritsch et al., 2000).
These findings suggest that it may be possible that the degree ofpolymerization within
the trout IgM Fe (i.e. different redox structures) may influence binding affinity.
In order to examine this possibility, it was necessary to examine common antibody
pools that differed only by the degree of polymerization. This was accomplished, or
attempted, via two different methods. First, as it has been reported by previous
investigators in the laboratory (Kaattari et al., 1998) that while in vitro secreted
antibodies possessed a diverse redox profile, and intracellular Igs from these same cells
were substantively unlinked. Thus, procurement of immunopuriJied antibodies from the
supernatant and lysates of antigen-stimulated cells might reveal whether the disulfide
polymerization had any detectable affect on affinity. A second method was suggested by
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previous work by Alberini et al. (1990). These investigators demonstrated that growth of
lymphocytes (specifically IgM secreting murine hybridomas) under reductive conditions
(2-ME) caused the cells to express antibody with extensive redox heterogeneity, as
opposed to the complete polymerization that is typically observed. Thus, this methology
was applied to both murine anti-TNP IgM hybridomas, as well as trout lymphocytes in
vitro. It was assumed that if variability in the reductive environment would result in redox
diversity, then the affinity of the antibodies could be examined to determine if it had been
altered. In the case of the murine hybridoma, a very restricted monoclonal affinity profile
would be affected, and in the case of the trout lymphocytes, a fairly, diverse profile
would be altered.

Comparison of Intracellular vs. Secreted Antibody Affinity and Structure
As denaturing SDS-CAGE analysis of intracellular and seereted antibodies from the
same in vitro cultured cells possessed very different redox profiles (Fig. 35), affinity
analyses were conducted to determine if differences in affinity would correlate with these
structural differences. However, prior to attempting these assessments it was necessary to
determine that all antibodies (both intracellular as well as secreted) were in the form of
800 kDa tetramers. This was verified by gel filtration analysis (Fig. 36). Interestingly;
however, the intracellular tetrameric antibodies were observed to elute before the secreted
tetrameric antibodies, indicating that the intracellular antibodies possessed a slightly
larger volume or size. This difference in size, or volume, could possibly be explained by
another observation, namely that the monomeric subunits of the intracellular tetramer
were not capable of being spanned and crosslinked by DSP (Fig. 35). Most simply, this
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would indicate a greater physical distance between the intracellular monomeric subunits
than exists between non disulfide linked secreted tetramers. Thus, some aspects of the
physical structure of the monomeric subunits cause them to be displaced from one
another at a greater distance than found in secreted antibodies. It is tempting to consider
that whatever prevents the closer spacing of the monomeric subunits in the intracellular
environment may also prevent disulfide polymerization within this environment.
Considering the inverse relationship between glycosylation and C-terminal disulfide
binding, demonstrated by (Getahun et al., 1999), perhaps early, intracellular glycosylation
and subsequent deglycosylation is responsible for this spacing difference, and, thus, lack
of DSB polymerization (i.e. deglycosy lation results in closer compaction and subsequent
polymerization).
Affinity ELISA analysis of secreted and intracellular antibodies from PBLs revealed
no differences in affinity (Fig. 37a,b), even though there were significant redox structural
differences (Fig. 35) These results would suggest that the affinity of the antibodies is
stable and not influenced by the degree of polymerization. Affinity ELISA analysis of
intracellular and secreted AK antibodies; however, revealed varied results. Whereas, the
secreted antibodies comparable affinity profiles as described previously, the intracellular
antibodies were, at times, found to be restricted (Fig. 37c). This: result is perplexing from
two perspectives: 1) the intracellular affinity appeared consistently close to the mean
affinity of the secreted antibodies. Given the redox I affinity relationships observed in the
previous work, one would anticipate that this affinity should have been heavily skewed to
the lowest affinities, since the intracellular redox profiles possessed the lowest degree of
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polymerization yet witnessed. 2) The affinity difference when observed is seen only
within anterior kidney lymphocytes.
The results from this set of analyses leave the question unresolved. The PBL data
suggest that polymerization has no effect on antibody affinity, whereas the AK data is
equivocable.

Effect of In Vitro Reduction on Antibody Affinity and Structure
Anti-TNP, IgM mouse hybridomas were cultured under the reductive conditions as
previously reported (Alberini et al., 1990), resulting in the disullfide heterogeneity
reported. Thus, murine IgM was successfully induced to take on structural heterogeneity
comparable to that found in trout Igs (Fig. 39). Affinity profiles of these antibodies
revealed that they demonstrated no change in affinity (Fig. 40), regardless of their
difference in structural heterogeneity (Fig. 39).Thus, as observed with the previous trout
PBL experiment, antibody affinity does not appear to be impacted by DSB
polymerization. This same procedure was applied to trout lymphocytes in vitro in an
attempt to determine if an increase of redox structural heterogeneity would impact
affinity (Fig. 41-44). Although the highest concentration of2-ME (5000 j.lM) resulted in
a loss of antibody activity, indicating a loss of binding site structural integrity, the
concentration range from 5 to 500 !lM had no impact on affinity (Fig. 41, 43).
Unfortunately, the redox profiles of purified trout supernatant antibodies remained similar
as well, regardless ofthe 2-ME concentrations (Fig. 42, 44). Thus, the hypothesis could
not be tested with trout leukocytes.
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The reason why exogeneous reducing agent applied in vitro succeeds in reducing Igs
within mouse hybridomas but not within trout lymphocytes is not clear. It is possible that
a difference exists between exogenously affected compartments containing the assembly
intermediates, or the difference may be related to cell source (hybridomas vs.
untransformed lymphocytes), or perhaps there is a murine vs. salmonid difference. To
explain the unexpected finding, it will require a further investigation.
From these analyses, it can be concluded that the process of polymerization does not
have an effect on murine lgM affinity, while the question cannot be broached in this
manner for the trout.
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SUMMARY AND FUTURE STUDIES

In conclusion, this research represents the first efforts to investigate the possible
functional role played by the unique structural diversity (redox structure) found in the
teleost fish. These studies reveal two mechanisms that can likely explain this feature and
place it within a functional context: 1) The affinity of interaction of the BCRs with
antigen appears modulate post translational modification resulting in a higher degree of
disulfide polymerization of the higher affinity antibody; 2) Lightly polymerized (low
affinity) antibodies are selectively removed from circulation at a higher rate and I or
highly polymerized (high affinity) antibody are selectively retained. The latter
mechanism would also have the net effect of increasing the affinity of the serum antibody
over time, thus accentuating the process of affinity maturation.

These findings suggest potentially productive and intriguing avenues for future research.

1.

What is the nature of the transduced signal that controls this differential

polymerization?
2.

If redox structure is secondary to differential glycosylation, does deglycosylation

eliminate any half-life differences of the different redox forms?
3.

Is the apparent molecular size differential observed between secreted and

intracellular immunoglobulin due to a higher degree of glycosylation and, thus, lesser
amount ofDSB polymerization?

174

4.

As with mammalian isotypes, are there other functions that are controlled by this

form of immunoglobulin diversification other than half-life? Such as selective binding to
different FcRs, or differences in avidity caused by variation in flexibility.
5.

What is the effect of antigen binding on the half-lives of these various forms? Is it

accentuated?
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APPENDICES

Appendix A Solutions and Reagents
(Note: Ultrapure water produced by a nanopure ultrapurification system manufactured by
Barnstead is used for all solutions and reagents below)
1. PBS (Phosphate Buffered Saline) (10 X) (lOX stocks were prepared, and diluted
to IX prior to use)
Na2HP04

17.824 g

NaH2P04

95.496 g

NaCl

701.28 g
7L

H20
Adjust

pH

to 8 L

H20
2.

to 7.3-7.4

TTBS (Tris-Buffered Saline + 0.1% Tween-20) (1 0 X) (1 OX stocks were
prepared, and diluted to IX prior to use)
Trizma Base

121.4 g

EDTA

8.18 g

NaCl

17.4 g

H20

1.9 L

Adjust

3.

pH

to 8.0

Tween-20

20 ml

H20

to 2 L

ELISA Coating Buffer
Na2C03

1.59 g

NaHC03

2.93 g

H20

950ml

Adjust pH

to 9.6

H20

to 1 L

Store at 4 °C no more than 2 weeks
4. Blocking solution (1 X TTBS + 0.5% BSA)
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BSA

10 g

TTBS (1 X)

lL

5. Cacodylate Buffer
Cacodylic acid

0.9 g

NaOH

900 ml

HzO
Adjust

44.8 g

pH

HzO

to 7.0
to 1 L

6. Laemmli Buffer (Running Buffer) (1 0 X)
Glycine

1152 g

Trizma Base

242.4 g

10% SDS

800ml

HzO

to 8 L

7. Laemmli Sample Buffer (Reducing Buffer) (4X stocks were prepared and frozen
in 0.5 ml aliquots. Aliquots are thawed and diluted immediately prior to use)
4X

Final Concentration
(diluted in HzO)

Glycerol

4ml

10% (VN)

2-Mercaptoethanol (14.3 M/L)

2ml

5% (VN)

SDS

0.8 g

2%(WN)

1M Tris-HCl, pH 6.8

2.5 ml

0.0625 M

Bromophenol blue

0.001% (WN)

0.00025 (W/V)

8. Laemmli Sample Buffer (Non-Reducing Buffer) (4X stocks were prepared and
frozen in 0.5 ml aliquots. Aliquots are thawed and diluted immediately prior to
use)
4X

1X Final Concentration
(diluted in HzO)

Glycerol

4ml

10%(WN)

SDS (20%)

3 ml

3%(WN)

1M Tris-HCl, pH 6.8

2.5 ml

0.0625 M
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Bromophenol blue

0.001% (W/V)

H20

0.5 ml

0.00025 (WN)

9. Transfer Buffer (1 X)
Glycine

115.2 g

Trizma Base

24.24 g

MeOH

1600 ml

H20

to 8 L

10. ABTS (2, 2'-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)) Substrate Solution
for ELISA
Made immediately prior to use by combining 9.6 ml citrate buffer with 400 Jll
ABTS solution and 10 Jl1 H20 2 for each ELISA plate to be developed.
Citric acid solution
Citric acid

2g

H20

900 ml

Adjust pH

to 4.0

H20

to 1 L

ABTS solution
ABTS
H20

1g

100 ml

11. 10% SDS-PAGE (Polyacrylamide Gel Electrophoresis) Gel Solutions
Separating Gel

Stacking Gel

H20

4.8 ml

3.4 ml

30% Acrylamide

3.6 ml

0.83 ml

1.5 M Tris, pH 8.8

3.0 ml

1 M Tris, pH 6.8
1% SDS

0.63 ml
0.12 ml

50 Jll

DEGAS

DEGAS
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10% APS

0.12 ml

50 J.ll

TEMED

4.8 J.ll

5 J.ll

12. Tissue Culture Medium
RPMI-1640

434 ml

Gentamycin sulphate
BME (0.01 M)

500 J.ll
250 J.ll

Nucleosides solutions (G, A, U, C) (10 mg/ml) 0.5 ml each
Non-Essential Amino acids
(100 X)

5 ml

Sodium Pyruvate

5 ml

Fetal bovine Serum (FBS)

50 ml

L-glutamine

5 ml

13. Stock nutritional supplement for tissue culture
RPMI-1640
Gentamycin sulphate

11 ml
15 J.ll

RPMI Essential AA (SOX)

1.5 ml

Non-essential AA (1 OOX)

770 J.ll

Dextrose (200 mg/ml)
L-glutamine (200mM)

770 J.ll
770 J.ll

14. Working nutritional supplement (feeding cocktail)
Stock supplement
FBS

15 ml
7.5 ml

Nucleosides solutions (G, A, U, C) (1 mg/ml) 1 ml each
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Appendix B Affinity Partitioning Assay (Affinity ELISA)

Many practical methods have been developed for the measurement of antibody
affinity, for example, equilibrium dialysis (Eisen, 1964; Pascual and Clem, 1988),
fluorescence quenching (Eisen, 1964), solid phase immunoassays (Nieto et al., 1984;
Shapiro et al., 1996), surface plasmon resonance (Karlsson et al., 1991; Mullett et al.,
2000), and kinetic exclusion immunofluoremetry (Xie et al., 2005; Bromage et al., 2007).
The affinity partitioning assay (an ELISA-based partitioning assay), originally developed
by Nieto et al. for murine sera (Nieto et al., 1984) and adapted by Dr. Kaattari's
laboratory for use in trout work (Shapiro et al., 1996), is a technique which can be used to
determine both the affinity of specific subpopulations within a single source and their
relative concentration within the total antibody pool. Such analyses yield greater
resolution of the constituent antibody affinities and, thereby, a more precise view of the
dynamics of affinity development during a reponse. The other techniques, in essence, can
only yield an average weighted affinity, without the resolution of these subpopulations.

A. Procedure

1. In this specific application, the wells of a 96-well ELISA plate were coated with
serial 1/3 dilutions ofTNP 13 -BSA in coating buffer (see Appendix A), then
incubated at 37 oc for 1 hour covered by Parafilm to protect from evaporation.
Row A: no TNP-BSA, only 50 J.ll coating buffer
Row B: 50 J.ll@ 0.014 J.lg/ml
Row C: 50 J.ll @ 0.041 J.lglml
Row D: 50 J.ll@ 0.123 J.lg/ml
RowE: 50 J.ll@ 0.37 J.lg/ml
Row F: 50 J.ll@ 1.11 J.lg/ml
Row G: 50 J.ll @ 3.33 J.lg/ml
Row H: 50 J.ll @ 10 J.lg/ml
2. After this incubation, the contents of the plate are flicked into a sink, and each
well is blocked with 200 J.ll blocking buffer, and incubated for 1 hour at room
temperature.
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3. Following the blocking step, the solution is removed, and 1:5 dilutions of the
inhibitor (hapten TNP-lysine) are added into wells with serial 1/5 dilution in the
following manner:
Columns 1 and 2:

50 fll diluent buffer only (0.1% BSA-TTBS)

Columns 3 and 4:

50 fll @ 1.6 x 1o-6 M TNP-lysine in diluent buffer

Columns 5 and 6:

50 fll @ 8 X 10"6 M TNP.. lysine in diluent buffer

Columns 7 and 8:

50 fll@ 4 x 10-5 M TNP-lysine in diluent buffer

Columns 9 and 10:

50 fll @ 2 x 10-4 M TNP--lysine in diluent buffer

Columns 11 and 12: 50 fll@ 1 x 10"3 M TNP-.Jysine in diluent buffer
4. One unit of antibody activity in 50 fll of diluent is then deposited into each well,
and incubated at room temperature for 1 hour.
5. The solution is removed by three washes with TTBS (see below Appendix A),
followed by addition and incubation of 100 fll biotinylated anti-trout antibody in
each well for 1 hour at room temperature.
6. After another three washes with TTBS, one hundred fll of SA-HRPO is added to
each well, and incubated at room temperature for 1 hour.
7. Repeat three washes with TTBS, then one hundred fll of the ABTS substrate
solution (see Appendix A) is added to each well. The plate the rate of O.D.
production is determined using ELISA reader.
B. Data analysis

B 1. Determination of antibody subpopulation proportions
Basically, subpopulations of antibodies were differentially captured from aliquots
of sample each containing one unit of antibody activity by incubation on graded
concentrations of TNP-BSA. The row coated with the lowest antigen concentration
(0.014 flg/ml) captures only the highest affinity antibodies. Each adjacent row, being
coated with a higher concentration of antigen captures additional, lower affinity
antibodies. The relative proportions of each antibody subpopulation is equivalent to
the percentage of the total bound by the maximal coating antigen concentration (10
flg/ml); i.e. the average O.D. rate of columns 1 and 2, ofRow H1,2, and these
calculations are performed as follows:

206

%with the highest affinity =100 *((Row B 1,2)- Row A1,2)) I ((Row H1,2)- Row
A1,2))
% with the 2nd highest affinity = 100 * ((Row C 1,2) - Row B 1,2)) I ((Row H 1,2) Row A1,2))
%with the 3rd highest affinity= 100 *((Row D1,2)- Row C1,2)) I ((Row Hl,2)Row A1,2))
% with the 4th highest affinity = 100 * ((Row E 1,2) - Row D 1,2)) I ((Row H 1,2) Row A1,2))
% with the 5th highest affinity = 100 * ((Row F 1,2) - Row E 1,2)) I ((Row H 1,2) Row A1,2))
% with the 6th highest affinity = 100 * ((Row G 1,2) - Row F 1,2)) I ((Row H 1,2) Row A1,2))
%with the lowest affinity= 100 * ((Row H 1,2)- Row G 1,2 )) I ((Row H 1,2)- Row
A1,2))
B2. Determination of antibody subpopulation affinities
All antibodies are inhibited by graded concentration of TNP-lysine inhibitors. The
characteristic affinity of each of affinity subpopulation (aK) is determined by the
equation:
aK = - log ( 1 I [H]soi),
where [H]so is the concentration of the hapten required for 50% reduction of the
maximum O.D. rate for antigen coating concentration 'i'.
For example, the highest affinity population (Row B, coated with the lowest antigen
concentration of 0.014 jlglml)
Uninhibited O.D rate.= (B 1,2) I (B 1,2) x 100
% of uninhibited rate.in the presence of 1.6 X 1o-6 M hapten
=

(B 3, 4 ) I (B 1,2) X 100

% of uninhibited rate in the presence of 8 X 1o-6 M hapten
= (B 5, 6) I (B 1,2) X 100
% of uninhibited rate in the presence of 4 X 1o-s M hapten
=

(B 7' 8 ) X 100 I (B 1,2 )

% of uninhibited rate in the presence of 2 X 1o-4 M hapten
-

=

-

(B 9' 10) X 100 I (B 1,2)
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% of uninhibited rate in the presence of 1 X 1o-3 M hapten

-=(B 11,12) X 100 I (B 1,2)

B3. Calculation of antibody weighted average affinity
The weighted average affinity of the total antibody population can consequently
be calculated as: weighted average aK

=:L (aKi *Pi) where Pi is the proportion of

antibodies captured at antigen concentration 'i'. Thus, this analysis not only provides
an antibody affinity distribution profile, but can also provide a weighted average
affinity for the sample.
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Figure 45. Schematic of plate set-up for the affinity partitioning assay. The antigen
(TNPwBSA) is coated in row Hat the highest concentration (10 j.lg/ml), with 1:3
dilutions of antigen from row H to row B, and row A receiving only coating buffer
without antigen. TNP-lyine (inhibitor), in 0.1% BSA-TTBS, is added at the highest
concentration (1 x 10-3 M) to columns 11 and 12, with 1:5 dilutions added in duplicate
from right to left (columns 3 and 4 receiving the lowest concentration), and onlhy diluent
in columns 1 and 2. After the inhibitor added, one unit of anti-TNP activity is added to
each well over the entire plate, in 0.1% BSA-TTBS. The graded green circles illustrate a
representative response.
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Appendix C SDS-CAGE Recipes

R eso 1vmg
. ge
ddH20
30% acrylamide
3M Tr1s pH 8.8
10% SDS
1% agarose
10% APS
TEMED

Original (ml)
2.65
1
1.25
0.1
5
0.04
0.008

Modification #1 (ml)
2.525
1.125
1.25
0.1
5
0.04
0.008

Modification #2 (ml)
2.575
1.075
1.250
0.1
5
0.04
0.008

Stac k"mg ge
Original (ml)
2.116
0.63
0.05
2.116

ddH20
1M Tris pH 6.8
10% SDS
1% agarose

Modification (ml)
1.8
0.63
0.05
2.5

Old

Newl

New2

---

--

---

--

--

--

--

-- Monomer
close to
dye front

r-

Tetramer
and trimer
close

-r---

Good
balance
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Appendix D TNP-lysine conjugated CNBr activated Sepharose Beads

A. Reagents needed (source of chemicals, unless otherwise mentioned is Sigma
Chemical Co.):

1)

2)

1 mMHCl
HCl (12.1 M)

41.3 J.ll

H20

to 500 ml

Coupling Buffer
0.1 MNaHC03

3.78 g

0.5 MNaCl

13.16 g
400ml

H20
Adjust pH

to 8.3
to 450 ml

H20
3)

0.2 M Glycine
Glycine 1.5 g
H20

4)

5)

6)

to 90 ml

0.1 M Acetate Buffer
NaAc.3 H20

2.04 g

NaCl

4.38 g

H20

to 130 ml

10-3 M TNP-lysine in Coupling Buffer

TNP-lysine

41mg

Coupling buffer

100 ml

Foil wrap and store at 4°C
10-3 M TNP-lysine in PBS
TNP-lysine
IX sterile PBS

20.5 mg
50 ml

Foil wrap and store at 4°C
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B. Protocol
1) Weight 2.0 g Cyanogen Bromide (CNBr)-activated Sepharose-4B beads (about 7
ml of gel matrix when fully swollen), swell beads in 20 ml1 mM HCl by rotating
at room temperature for 30 min;
2) Wash beads in sintered glass filter with 400 mll mM HCI, using vaccum filtering,
then add 5 ml Coupling buffer;
3) Add 10 ml10 4 M TNP-lysine in coupling buffer to wash beads in 50 ml Falcon
tube, conjugate beads by rotating end-over-end at 4°C overnight;
4) Spin with 500 x g for 5 min at 4°C, remove supernatant;
5) Block beads by suspending beads in 20 ml 0.2 M glycine buffer and rotate at
room temperature for 2 hours;
6) Centrifuge at 500 x g for 5 min at 4 °C, then remove supernatant;
7) Wash beads with acetate buffer and coupling buffer alternatively, with 30 ml each
time for 2 cycles;
8) Wash beads with 30 ml PBS. Centrifuge at 500 x g for 5 min at 4°C, then remove
supernatant;
9) For long-term storage, store beads in 7 ml PBS with 0.02% sodium azide (NaN3).
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Appendix E Determination of the binding capacities of different density TNP-BSA
conjugated beads

In order to selectively isolate high affinity antibodies from a whole antiserum
sample using the immunoadsorption procedure, it was necessary to first determine the
binding capacities of the immunosorbents. The binding capacities of the different haptencarrier ratios (TNP 1-BSA and TNPn-BSA) as well as conjugate concentrations were
compared using a standard 10 J.tl aliquots of beads, incubated at 4 °C for four hours, using
varying amounts of a 1,000,000 units/ml trout antiserum sample (Fig. 46). High density
TNPu-BSA conjugated beads had a greater than 10 fold capacity for binding antibody
than the TNP 1-BSA beads.
Ten J.tl ofTNP 1-BSA beads could absorb 100% of 100 units of antibody activity,
while absorbing 50% of2500 units. TNPu-BSA beads; however, could absorb 100% of
1000 units, while absorbing 50% of 20,000 units. The addition of 20,000 or 200,000 units
of activity resulted in saturation of each bead source, respectively, such that the antibody
concentration of the flow-through was indistinguishable from that of the original serum
(i.e. bound antibody< 1% of the total administered).
In order to test whether the bound antibody activity parallels the antibody protein, H
chain density of bound antibodies by beads was examined. The density of H chains
captured by the beads was determined by immunoblotting after electrophoresis of eluted
samples on reducing SDS-PAGE gels (Fig. 47). It can be seen that the H chain density of
antibodies bound by TNP13-BSA conjugated beads is significant higher than that of
antibodies bound by TNP 1-BSA beads, which is accordance with the results of the above
binding capacity studies.
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Figure 46. Capacities of TNP 1-BSA (::;)and TNPu-BSA (•) conjugated beads to bind
anti-TNP antibodies. Ten Ill aliquots ofTNP-BSA conjugated beads were incubated
with increasing volumes ofanti-TNP activities. The binding capacity ofTNPu-BSA
conjugated beads is significant higher, about 10-fold more, than that ofTNP 1-BSA.
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Figure 47. Densitometry ofimmunoadsorbed anti-TNP antibody. Bound antibodies
from the graded amounts of serum upon incubation with 10 J.!l bead aliquots were eluted
and total H chain amounts were analysed using densitometric analysis of reducing SDSPAGE gel immunoblots as described in methods. a) TNP 1-BSA beads, b) TNP13-BSA
beads. Densitometric analysis of the 72 kDa H chains was performed using the Odyssey
system. Molecular weights are in kilodaltons (kDa).
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Appendix F Supplementary Data
Tables Containing Complete Summaries of Quantitative Data
Table 1. Densitometric analyses of the redox structure of affinity-fractionated antibodies
from three additional individual sera (Data to accompany Fig. 17).

Percent of Ab
adsorbed

800 kDa a

600 kDa a

400 kDa a

200 kDa a

DSB
coefficient b

1st TNP13-BSA

76%

11.3

22.5

16.3

49.9

1.01

4.42

1st trout antisera

100%

21.3

22.4

18.4

37.9

1.38

5.50

1st TNP1-BSA

24%

39.5

32.6

7.4

20.5

2.11

6.20

2nd TNP13-BSA

80%

10.7

21.5

17.0

50.8

0.98

4.68

2nd trout antisera

100%

20.2

21.4

19.2

39.2

1.33

4.91

2nd TNP1-BSA

20%

37.3

31.6

8.5

22.7

2.02

5.57

3rd TNP 13-BSA

62%

24.0

45.3

20.2

10.5

1.95

4.47

3rd trout antisera

100%

28.6

42.9

18.2

10.1

2.04

5.44

3rd TNPrBSA

38%

34.9

50.2

11.0

3.8

2.34

6.23

Trout Antibodies

a. Percentage of the total immunoglobulin protein adsorbed onto immunosorbents.
b. DSB coefficients were determined as described in the Materials and Methods (DSB
Coefficient Determination).
c. aKs (average affinity)
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Table 2. Titer, affinity and redox structure during the affinity maturation of the antibody
response to TNP-KLH from the five individual fish (Data to accompany Fig. 20).
Fish

800 kDa a

600 kDa a

400 kDa a

200 kDaa

DSB
coefficient

b

1st Week 0

0.6

32.0

25.4

23.0

19.6

1.86

4.80

1st Week 5

6.3

37.3

29.8

10.9

21.9

2.01

5.10

1st Week 10

41.0

35.2

48.3

4.9

12.4

2.25

5.20

1st Week 15

357.0

42.3

39.6

2.3

15.8

2.30

6.10

1st Week 20

200.0

46.7

33.7

2.1

17.5

2.33

6.10

1st Week 27

83.0

46.4

39.1

2.0

12.4

2.43

6.00

2nd Week 0

0.7

27.8

36.7

11.8

23.7

1.83

3.60

2nd Week 5

1.7

30.9

32.6

10.3

26.1

1.84

3.70

2nd Week 10

50.0

38.9

35.0

7.6

18.6

2.14

4.80

2nd Week 15

312.5

42.8

31.6

7.3

18.4

2.20

5.10

2nd Week 20

250.0

50.0

28.6

6.7

14.7

2.39

6.20

2nd Week 27

125.0

46.0

31.8

7.1

15.0

2.32

6.00

3rd Week 0

0.6

23.7

30.9

15.6

29.8

1.60

3.80

3rd Week 5

1.0

22.3

35.1

17.1

25.5

1.65

4.00

3rd Week 10

100.0

28.9

39.0

12.9

19.2

1.92

5.30

3rd Week 15

1380.0

31.5

33.7

14.0

20.9

1.91

5.00

3rd Week 20

833.0

35.2

34.9

14.6

15.3

2.07

6.80

3rd Week 27

625.0

35.3

38.8

14.1

11.8

2.15

6.40

4th Week 0

0.6

28.2

36.0

14.4

21.5

1.85

4.40

4th Week 5

1.0

30.6

28.3

15.2

25.9

1.79

4.50

4thWeek 10

22.0

32.0

36.5

11.6

19.9

1.97

5.20

4th Week 15

77.0

35.2

32.2

12.8

19.9

2.00

5.90

4th Week 20

100.0

36.0

34.8

12.8

16.4

2.08

5.80

4th Week 27

50.0

40.2

35.0

11.0

13.9

2.22

6.00

5ve Week 0

1.0

30.1

23.6

15.8

30.5

1.68

4.38

5ve Week 5

1.0

35.8

27.5

11.6

25.1

1.92

4.48

5ve Week 10

96.0

41.9

26.7

10.6

25.1

2.11

5.05

5ve Week 15

211.0

46.4

23.1

15.3

15.2

2.24

5.53

5ve Week 20

227.0

48.3

19.9

17.9

13.9

2.27

5.58

5ve Week 27

160.0

49.1

20.2

16.6

14.1

2.29

5.53

a. Percentage of the total immunoglobulin protein adsorbed onto immunosorbents.
b. DSB coefficients were determined as described in the Materials and Methods (DSB
Coefficient Determination).
c. aKs (average affinity)
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Table 3. Titer, affinity and redox structure of in vitro induced (Data to accompany Fig. 28)
800 kDa a

600 kDa a

400 kDa a

200 kDa a

DSB
coefficient b

1st 0.01 IJQ/ml

20.2

51.3

28.4

11.1

9.2

2.47

5.69

1st 0.1 jJg/ml

31.8

47.8

24.6

15.0

11.6

2.32

5.42

1st 1.0 jJg/ml

107.5

44.5

28.2

14.6

12.7

2.27

5.15

1st 10 IJQ/ml

298.6

38.5

26.3

21.0

14.1

2.08

4.85

2nd 0.01 IJQ/ml

22.8

25.0

27.0

21.1

27.0

1.62

5.19

2nd 0.1 jJg/ml

57.2

23.0

24.5

21.4

31.1

1.51

4.99

2nd 1.0 jJg/ml

117.8

13.0

25.7

17.0

34.3

1.49

4.86

2nd 10 IJQ/ml

363.8

16.9

23.4

12.4

49.9

1.18

4.79

3rd 0.01 IJQ/ml

76.9

47.7

18.6

18.6

15.0

2.23

5.59

3rd 0.1 IJQ/ml

111.1

43.4

26.4

15.1

15.1

2.20

5.46

3rd 1.0 IJQ/ml

125.0

33.5

21.8

24.6

20.1

1.85

5.37

3rd 10 IJg/ml

128.2

29.8

20.0

29.9

20.3

1.74

5.23

a. Percentage of the total immunoglobulin protein adsorbed onto immunosorbents.
b. See Materials and Methods (DSB Coefficient Determination)
c. aK (average affinity)
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Appendix G Kinetics of Affinity Maturation

In pursuance of the previous objective, a number of unique observations were made
concerning the development of affinity maturation. The Affinity ELISA permitted the
direct determination of antibody affinity subpopulation distributions, enabling the
dissection of the contribution of each affinity subpopulation over the length of the
response. The kinetics of antibody affinity subpopulation generation in a representative
fish is shown in Fig. 48. In this case, the subpopulations detected were grouped into five
distinct affinity ranges, which is comparable to such distributions described previously
(Shapiro et al., 1996; Kaattari et al., 1998). Fig. 48a demonstrated that only low affinity
subpopulations (aK = 3.0-3.9 and 4.0-4.9) could be detected in the early response, whilst
high affinity subpopulations (aK >= 6.0) appeared later, resulting in an increase of
antibody average affinity. It is important to note that the lowest affinity subpopulation
(aK = 3.0-3.9) also had the most transient existence as well as the lowest titer, while,
higher affinity subpopulations (aK = 6.0-6.4 and 6.5-6.9) appeared later (i.e. week 15)
and increased to much higher titers. These latter affinities became dominant at the latest
time point (week 27).
The titer and percentage of every affinity subpopulation was plotted in Fig. 48. This
transformation of the data indicates that there is a correlation between a decrease in a low
affinity subpopulation and the increase in one subpopulation with a higher affinity, which
is agreement with the previous reports (Gaya et al., 1986) in mammals. It can be seen that,
between week 5 and week 10, the increase of the high affinity subpopulation (aK = 4.04.9) coincides with the decrease of the low affinity one (aK = 3.0-3.9). The same
phenomenon occurs with the higher affinity subpopulations (i.e. aK = 4.0-4.9 and aK >=
5.0). Thus, the affinity ELISA permits the precise analysis of the subpopulational
dynamics which results in the general process of affinity maturation.
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Figure 48. Dynamics of antibody affinity subpopulations development over time. The

titers of each affinity subpopulation found within a representative fish is plotted over time
post-immunization (a). The same subpopulations depicted as a percentage of the total
antibody titer at each time point (b).
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Kinetics of affinity maturation (Discussion)

Using the Affinity ELISA, ten TNP-KLH immunized fish were analyzed to examine
affinity maturation together with redox structure. In every response fish, affinity
maturation was induced (Fig. 17), as previous reported (Kaattari et al., 2002; Cain et al.,
2002). The increase in antibody affinity would be observed by week 5 and continued to
increase beyond the point at which the optimal antibody titer were elicited (week 15-20).
These high average affinities were maintained even as the antibody titers began to
decrease (week 27). The behavior of the antibody subpopulation over time behave in a
manner wholly (predictable) based on the theory of clonal selection (Burnet, 1957; Eisen
and Siskind, 1964). For example, at the early response, antigen is at a high concentration
level, so all B cells, regardless ofthe affinity ofBCR interaction with antigen, are
activated to induce the mixture oflow and high affinity antibodies. However, at the late
response, antigen decreases to a low level. Due to the high affinity BCR compete this low
concentration of the retaining antigen, thus the high affinity antibodies are predominant to
be induced, resulting in the affinity increase.
Of particular interest is the fact that the kinetics of affinity maturation can be
dissected using the Affinity ELISA. Data from a representative :fish (Fig. 17) could be
grouped into five distinct affinity ranges, comparable to such distributions described
previously (Shapiro et al., 1996; Kaattari et al., 1998). The kinetics of antibody affinity
subpopulation development revealed certain key features: 1) Low-affinity subpopulations
(aK = 3.0-3.9 and 4.0-4.9) could be only detected during the early response; 2) High
affinity subpopulations (aK 2: 6.0) appeared later, resulting in an average increase of
antibody average affinity; 3) The lowest affinity subpopulation (aK = 3.0-3.9) also has
most transient existence and the lowest titer; 4) Higher affinity subpopulations (aK = 6.06.4 and 6.5-6.9) increase to much higher titers, and become dominant at the latest
observed time (week 27). These dominant high affinity subpopulations are responsible
for the significant increase of antibody average affinity. Exceptional, the new emergence
of higher affinity subpopulation (aK = 6.0-6.4 and 6.5-6.9) at the later time parts could
indicate the appearance of somatic mutants, as had been previously observed (Lewis,
2000). Alternatively, the transformation of the data to the percentage, together of the titer,
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of every affinity subpopulation (Fig. 17) indicates that there is a correlation between a
decrease in a low affinity subpopulation and the increase in om: subpopulation with a
higher affinity, which is agreement with the previous reports (Gaya et al., 1986) in
mammals. Thus, the affinity ELISA permits the precise analysis of the subpopulationial
dynamics which results in the general process of affinity maturation.
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Appendix H Development of an inhibition ELISA to estima1te TNP-LPS in
supernatant

To assess residual TNP-LPS concentrations from the pulsing and washing
experiments (3.2. "Estimation ofTNP-LPS in Supernatant by an Inhibition ELISA"), an
inhibition ELISA was developed. This inhibition ELISA employed an anti-TNP
monoclonal antibody 10All (Bromage et al., 2007). A test using serial dilutions of
coating TNP-BSA and lOA II indicated that the coating concentration TNP-BSA 0.02
flg/rnl and concentration of 1 flg/ml of 1OA 11 provided the highest sensitivity for
detection of TNP-LPS in an inhibition ELISA format (Table 4, in red). It can be seen that
based on this analysis, a sufficient standard curve was developed and employed to
estimate the concentration ofTNP-LPS (Fig. 24), and the sensitivity was such that a
concentration of TNP-LPS as low as 0.003 flg/ml could be detected. This was considered
satisfactory for estimatation of stimulatory concentrations of TNP-LPS for the antigen
pulsing experiments .
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Table 4. Optimization ofTNP-LPS detection assay, determination of optimal coating
antigen and anti-TNP antibody concentration.

Ag coating

a

1/100

b

1/500

1/1000

1/2500

1/12500

1/62500

1/312500

1/1562500

0.001 !Jg/ml

30.98

34.27

25.72

20.18

12.31

5.25

3.50

2.26

0.002 !Jg/ml

37.50

35.25

27.50

19.74

13.25

4.77

2.27

1.52

0.005 !Jg/ml

33.50

31.47

26.24

21.00

14.00

7.25

4.75

4.25

0.01 ~g/ml

39.48

38.25

31.62

24.99

14.50

5.29

2.77

2.27

0.02 IJg/ml

61.78

66.24

52.49

44.75

24.75

6.55

3.02

1.75

0.05 IJg/ml

97.25

94.25

83.63

77.00

42.50

17.00

6.75

5.25

0.1 IJg/ml

119.72

121.69

110.13

98.57

57.76

:20.24

6.30

3.00

0.2 !Jg/ml

142.74

136.12

129.96

123.81

81.68

:27.00

7.34

2.54

0.5 ~g/ml

178.02

173.11

164.81

156.50

101.00

38.50

12.25

5.75

1 ~g/ml

172.77

205.29

183.81

162.34

96.55

:34.00

10.04

3.78

2 ~g/ml

177.71

170.59

150.10

129.60

70.55

21.50

6.02

2.27

5 ~g/ml

183.11

213.69

193.22

172.75

101.25

:39.00

12.00

5.25

10 J.Jg/ml

232.06

238.55

217.37

196.19

99.94

33.10

9.00

3.75

a. TNP-BSA antigen coating concentration on a 96-well plate (~g/ml);
b. O.D. I min values in a standard ELISA with serial dilutions ofanti-TNP mAb IOAll
(1 mg/ml)
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Table 5. A theoretical projection of the effect of washing on regulation ofTNP-LPS
concentration. The cultures were repeatly washed (5 x) with and resuspended in TCM.
The supernatants from each wash were collected and analyzed tor activity by the
inhibition ELISA.
Number of
washes

Volume
removeda

Volume
added a

Initial c

Final
Volume
120 IJI

TNP-LPS Concentrations
1 IJQ/ml

b

10 IJQ/ml

50 IJQ/ml

1

90 IJI

150 IJI

180 IJI

0.1671Jg/ml

'1.67 IJQ/ml

8.3 IJQ/ml

2

150 IJI

150 IJI

180 IJI

0.01 j.Jg/ml

0.1 IJQ/ml

0.5 IJg/ml

3

150 IJI

150 IJI

180 IJI

0.002 IJg/ml

0.021Jg/ml

0.1 IJg/ml

4

150 IJI

150 IJI

180 ~I

0.0004 IJg/ml

0.004 ~g/ml

0.02 ~g/ml

5

150 1::!1

90 ~I

180 IJI

0.00008 IJg/ml

0.0008 ~g/ml

0.004 ~g/ml

120 IJI

0.00002 IJQ/ml

0.0002 IJg/ml

0.001 j.Jg/ml

Final

a. During culture washing, the volumes removed from supernatants, then adding TCM
into supernatants;
b. The concentrations ofTNP-LPS during washing of Ag-dose culture groups (1, 10 and
50 j..tg/ml)
c. The assumption of the highest TNP-LPS concentration prior to washing in Ag-dose
culture groups
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